AO-AOG*  115  GENERAL  ELECTRIC  CO  BURLIN6T0N  VT  ARMAMENT  SYSTEMS  DEPT  F/G  19/5 

AIR  TO  AIR  HELICOPTER  FIRE  CONTROL  EQUATIONS  AND  SOFTWARE  GENER-- ETC<U) 
NOV  79  J  W  CARLSON r  D  B  ELLIS*  T  PARISI  DAAK10-79-C-0028 

UNCLASSIFIED  G0APB509  NL 


AD  AO  8  4 


Jotirr  W.  Carlson 
David  B.  Ellis 
Theresa  Paris! 
Abbas  A.  Rlzvl 


General  Electric  Company 
Amuunent  Systems  Dapartment 
Burlington,  Vermont  05402 


January  15, 1980 

final  Report  December  20, 1978  —  December  20, 1979 


Distribution  of  this  document  is  unlimited. 

"The  views,  opinions,  and/or  findings  contained  in  this  report  are  those  of  the  author(s) 
and  should  not  be  construed  as  an  official  Department  of  the  Army  position,  policy  or 
decision  unless  so  designated  by  other  documentation." 


Contract  DAAK10-79-C-0028 


Commander 

U  S.  Army  Research  and  Development  Command 

DRDAR-SCF-DA 

Dover,  NJ  07801 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Wm  Oat*  Britt*!) 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


RECIPIENT'S  CATALOG  NUMBER 


A  THU  (m,  ***** - 


Air  To  Air  Helicopter  Fire  Control 
Equations  and  Software  Generation  , 


/  T 


VMmumm 


Armament  Systems  DepBrtmwrt  < 
General  Electric  Company 
urlinaton.  VT 


I  I.  CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

U.S.  Army  Research  and  Development  Command 
Dover,  NJ  07801 


V  ./  13.  number  of  pages 
108 


MONITORING  AGENCY  NAME  A  AOORESVJf  dllloront  Item  Controlling  Otllco)  IS.  SECURITY  CLASS,  Col  thlm  npart) 

Unclassified 


17.  DISTRIBUTION  STATEMENT  (ot  the  ebatrect  entered  In  Block  20,  It  dlllerent  t 


19.  KEY  WORDS  (Continue  on  row  otdo  It  neceaamry  and  Identity  by  block  number) 


Helicopter  Fire  Control 
Air  To  Air  Helicopter 
Fire  Control  Computers 


ABSTRACT  (Continue  on  reverae  aide  It  neceeeery  and  Identify  by  block  number) 

Fire  control  equations  suitable  for  use  in  a  helicopter  air-to-air  gunnery  engagement  are 
developed.  Maximum  use  is  made  of  existing  software  from  the  Closed  Loop  Fire  Control 
System  (CLFCS).  New  target  state  estimator,  ballistics,  and  gun  order  modules  are  developed 
to  account  for  target  motion  effects.  The  resulting  software  was  coded  and  run  in  the  CLFCS 
fire  control  computer,  and  made  to  interface  with  a  modified  Multiweapon  Fire  Control 
System. 


DO 


EDITION  OF  I  NOV  «!  IS  OBSOLETE 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  fBfcpn  D««  Enlttl) 


TABLE  OF  CONTENTS  —  Continued 


Section  Title  Page 

Two  Stage  Gain  for  Hand  Control  .  51 

Output  Routines .  51 

Interrupt  Service  Routine  (INTR) .  51 

Flight  Recorder  .  51 

Memory  Loader  .  53 

Fire  Control  System  .  54 

Input  Processing .  55 

Range  Coasting  Logic  .  55 

Target  State  Estimator  Initialization  .  55 

Filters  Subroutine  .  58 

Gun  Error  Logic  .  59 

Fire  Control  Constants  and  Variables  .  59 


5  APPENDICES 

A.  Air-to-Air  Fire  Control  Software  Specification 

B.  I/O  Specification  for  the  Modified  CIU  Hardware 

C.  Modified  CIU  Functional  Description 


LIST  OF  ILLUSTRATIONS 


Figure  Title  Page 

1  Air-to-Air  Fire  Control  Software  .  4 

2  Range  Filter  .  6 

3  Traverse  Filter  .  6 

4  Elevation  Filter .  7 

5  Air-to-Air  Track  Loop  .  II 

6  AIRSIM  Flow  Chart .  14 

7  AIRSIM  Track  Loop  Model  .  16 

8  AIRSIM  Turret  Model  .  17 

9  AIRSIM  Data  —  Target  Flyby .  18 

10  AIRSIM  Data  —  Target  Flyby .  18 

11  AIRSIM  Data  —  Target  Flyby .  19 

12  AIRSIM  Data  —  Target  Flyby .  19 

13  AIRSIM  Data  —  Target  Flyby .  20 

14  AIRSIM  Data  —  Target  Flyby .  20 


LIST  OF  ILLUSTRATIONS  —  Continued 


Title 

AIRSIM  Data  —  Target  Flyby . 

AIRS1M  Data  —  Collision  Course  . 

AIRSIM  Data  —  Collision  Course  . 

AIRSIM  Data  —  Collision  Course  . 

AIRSIM  Data  —  Collision  Course  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

AIRSIM  Data  — Target  Breakaway  . 

AIRSIM  Data  —  Target  Breakaway  . 

FEBA  Air-to-Air  Engagement  Scenario . 

Probability  Distribution  Function . 

Probability  Distribution  Function . 

Probability  Distribution  Function . 

Expected  Kills  Per  Mission  (ENKM)  and  Probability  of  Exhausting 

Ammunition  (PEXHM)  Versus  Fire  Rate  . 

Expected  Kills  Per  Mission  (ENKM)  and  Probability  of  Exhausting 

Ammunition  (PEXHM)  Versus  Fire  Rate  . 

Expected  Kills  Per  Mission  (ENKM)  and  Probability  of  Exhausting 

Ammunition  (PEXHM)  Versus  Fire  Rate  . 

Turret  Servo  Block  Diagram  . 

Top  Level  Flow  . 

Executive  Flow  Chart  (Sheet  1  of  5)  . 

Executive  Flow  Chart  (Sheet  2  of  5)  . 

Executive  Flow  Chart  (Sheet  3  of  5)  . 

Executive  Flow  Chart  (Sheet  4  of  5)  . 

Executive  Flow  Chart  (Sheet  5  of  5)  . 

Fire  Control  System  . 


LIST  OF  TABLES 


C 

L 


Table  Title  Page 

1  Flyby  Initial  Conditions  .  13 

2  Collision  Course  and  Breakaway  Conditions  .  15 

3  Memory  Map  .  42 

4  The  Input  Scale  Factors  .  50 

5  Flight  Record  Format  .  52 

6  Memory  Loader  .  53 

7  Fire  Control  System  Variable  Descriptions .  56 

8  Fire  Control  Constants  and  Variables  . .  60 


c 

L 

U 


i.j 


L 

[ 

[ 

[ 

[ 

[ 

[ 


ABSTRACT 


Fire  control  equations  suitable  for  use  in  a  helicopter  air-to-air  gunnery  engagement  are 
developed.  Maximum  use  is  made  of  existing  software  from  the  Closed  Loop  Fire  Control  System 
(CLFCS).  New  target  state  estimator,  ballistics,  and  gun  order  modules  are  developed  to  account 
for  target  motion  effects.  The  resulting  software  was  coded  and  run  in  the  CLFCS  fire  control 
computer,  and  made  to  interface  with  a  modified  Multiweapon  Fire  Control  System. 
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SECTION  1 
INTRODUCTION 


The  principle  objective  of  this  program  is  to  develop  a  set  of  fire  control  equations  which  are 
suitable  for  use  in  a  helicopter  air-to-air  engagement.  The  details  of  this  design  are  explained  in 
Section  2  and  the  resulting  software  is  documented  in  Section  4.  Certain  other  analysis  tasks 
relating  to  target  motion  and  overall  system  configuration  are  documented  in  Section  3.  The  firing 
rate  analysis  (Section  3)  is  notable  among  these  tasks  as  it  provides  the  mathematical  foundation  for 
the  dual  rates  of  fire  (750  and  1500  shots-per-minute)  to  be  used  in  testing  this  fire  control  system. 

In  order  to  prove  the  feasibility  of  this  concept  and  to  provide  a  test  bed  at  minimal 
development  cost,  maximum  use  has  been  made  of  existing  software  from  the  Closed  Loop  Fire 
Control  System  (CLFCS).  As  shown  in  Figure  1,  new  software  was  written  to  run  in  the  CLFCS 
Computer  Interface  Unit  (CIU),  which  consists  of  a  CDC  469  minicomputer  plus  I/O.  It  assumes 
the  existence  of  the  Inertial  Measurement  Unit  (IMU)  and  vertical  reference  unit  from  theCLFCS 
as  inputs  to  be  used  by  the  Aircraft  State  Estimator  (ASE),  the  major  piece  of  CLFCS  software 
which  has  been  left  intact  and  used  “as  is”.  The  ASE  provides  filtered  values  of  ownship's  velocity 
and  a  vertical  vector  for  use  in  the  new  air-to-air  fire  control  equations. 

The  new  software  developed  for  this  project  functionally  can  be  broken  into  two  pieces:  the 
Target  State  Estimator  (TSE),  and  the  ballistics  and  gun  order  modules.  The  TSE  includes  not  only 
the  estimation  of  target  position,  velocity,  and  acceleration,  but  also  provides  total  software  track 
control  including  a  filtered  manual  track  mode  plus  fade  in  to  a  rate-aided  track  mode.  The  gun 
order  module  computes  the  proper  lead  angle  plus  a  gun  turret  rate  feed  forward  signal.  A  new 
executive  routine  was  also  developed  to  handle  the  increased  1  O.  as  well  as  subroutine  calls 
associated  with  the  new  functions.  This  new  software  is  written  to  interface  with  the  Stabilized 
Optical  Sight  (SOS)  from  the  Multiweapon  Fire  Control  (MWFC)  helicopter,  as  well  as  the  laser 
rangefinder  and  air  data  package  from  that  same  aircraft. 


SECTION  2 

FIRE  CONTROL  EQUATIONS 


This  section  will  outline  the  theory  and  explain  the  functional  relationships  of  the  fire  control 
equations  which  have  been  developed  for  air-to-air  helicopter  engagements.  For  further 
information  on  the  detailed  implementation  of  these  equations  in  the  CDC  469,  refer  to  Appendix 
A.  Air-to-Air  Fire  Control  Software  Specification,  and  Section  4.  Software  Documentation. 

TARGET  STATE  ESTIMATOR 

The  TSE  is  the  heart  of  the  air-to-air  fire  control  system,  and  has  been  designed  as  a  constant 
gain  decoupled  Kalman  filter.  The  TSE  computes  in  the  rotating  line  of  sight  coordinate  frame, 
with  axes  designated  by  s.  1.  m,  and  defined  by 

s:  Pointed  along  the  line-of-sight  to  the  target 

1:  Normal  to  s,  left  and  nominally  horizontal  (for  zero  sight  elevation) 

m:  Normal  to  s  and  1,  nominally  vertical 

A  ^he  function  of  the  TSE^rs  to  produce  filtered  values,  or  estimates,  of  the  target  position  (fts, 
D|.  Dm),  velocity  (^Ts-  HR'  VTm)-  and  acceleration  (Ajs<  Ayj.  ATm)  using  the  measured  values 
of  range.  Rm.  angular  rate  of  the  LOS  W$,  Wj.  Wm)  and  the  gunner's  track  stick  thumb  button 
inputs  (hp.  h  j).  The  range  measurement  comes  from  the  laser  or  the  manual  range  pot  input,  and 
the  LOS  rates  come  from  three  gyros ^rnounted  on  the  SOS  sighthead.  In  addition,  the  TSE  uses 
filtered  values  of  ownship's  velocity  (Vs,  V|,  V  )  from  the  existing  ASE  code. 

The  TSE  is  actually  composed  of  three  separate  filters:  range,  traverse,  and  elevation. 
Equivalent  analog  block  diagrams  of  these  digital  filters  are  given  in  Figures  2,  3  and  4.  The  exact 
implementation  of  the  digital  integrations  is  specified  in  Appendix  A.  Sections  7.4.  7.5.  7.6.  and  7.7. 
where  it  is  seen  that  the  integrations  are  separated  into  two  phases:  estimation  and  extrapolation. 
The  estimation  actually  corresponds  to  a  time  0.3  of  the  way  into  the  1  30  second  update  interval  in 
an  effort  to  compensate  for  computational  delays. 

Note  that  the  three  channels  are  symmetrical,  each  having  a  noise  filter  in  the  position  error 
channel  (measurement  residual),  followed  by  three  integrators.  The  integrator  outputs  contain  the 
target’s  acceleration,  velocity,  and  position  respectively  in  the  axis  of  that  channel.  The  input  to 
each  integrator  is  fed  by  a  “Kalman”  gain  (e.g..  Kps.  KVs.  K  As  )  times  the  filtered  channel  residual. 
These  Kalman  gains  are  the  filter  bandwidth  in  radians  per  second  times  the  update  interval.  1  30 
second.  The  gains  that  have  been  selected  correspond  to  a  3  R  S  bandwidth  for  the  position 
estimates,  and  4.5  R  S  for  the  velocities  and  accelerations. 
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Elevation  Filter 


The  acceleration  integrator  has  a  small  feedback  around  it  (b  =  I  10)  which  comes  from 
modeling  the  expected  target  dynamics  as  having  a  nearly  constant  acceleration  with  a  10  second 
time  constant. 

Note  that  the  input  to  each  integrator  also  has  cross  channel  coupling  terms  which  are  cross 
products  of  the  LOS  angular  rate  ( Ws.  W|,  Wm )  with  the  state  vector  component  associated  with 
that  integrator.  These  terms  are  the  Coriolis  terms,  or  apparent  rates  of  change  that  must  be 
subtracted  out  so  that  the  slm  computing  frame  is  effectively  stabilized  against  sight  inertial 
rotations. 

AAA 

A  final  input  to  the  TSE  is  ov^nship's  velocity  (Vs,  Vj,  Vm).  This  is  subtracted  from  the 
estimated  target  velocity  (Vsy.  ^|j.  Vmy)  before  the  final  integration  so  that  the  position  vector 
(ft,.  6,.  6  m)  gives  the  relative  range  and  off  boresight  of  the  target  with  respect  to  ownship’s 
position. 

INITIALIZATION  AND  RANGE  COASTING 

Before  the  gunner  pulls  the  ACTION  switch,  the  computer  executes  the  Aircraft  State 
Estimator  equations  and  also  provides  manual  mode  sight  control  as  described  in  Section  2.  The 
request  for  fire  control  computations  to  begin  is  given  by  the  gunner  pulling  ACTION. 

By  this  time  the  gunner  should  have  started  the  laser  and  established  a  good  track  such  that 
valid  laser  measurements  are  being  received.  The  computer  then  waits  for  two  different  range 
measurements  to  be  made  before  initializing  the  TSE  filters.  The  two  range  measurements  are  used 
to  initialize  range  rate  and  thus  minimize  the  initial  filter  transient.  The  two  measurements  must  be 
received  within  1 . 1  seconds  of  each  other  in  order  to  ensure  an  accurate  estimate  of  range  rate.  This 
TSE  initialization  is  specified  in  Section  7.3  of  Appendix  A. 

Section  7.2  of  Appendix  A  also  specifies  a  Range  Coasting  Logic  for  use  in  the  ACTION 
mode.  This  provides  the  TSE  range  filter  with  an  updated  range  measurement  during  laser 
interpulse  periods,  and  during  periods  up  to  nine  seconds  induration  when  no  valid  laser  range  data 
is  obtained.  This  "coasting"  is  accomplished  by  integrating  the  estimated  value  of  range  rate  using 
the  last  valid  range  measurement  as  an  initial  condition. 

TRACK  LOOP 

Operator  control  of  the  SOS  is  done  entirely  through  the  fire  control  computer  when  a  switch 
in  the  battery  access  compartment  of  the  MWFC  aircraft  is  in  the  “Cl  U"  position.  The  switch  must 
be  in  this  position  for  proper  fire  control  operation.  The  other  switch  position  is  marked  “SOS"  and 
routes  the  operator  inputs  through  the  normal  sight  electronics,  including  a  lag-lead  tracking  filter 
which  gives  a  regenerative  track  feel  to  the  operator  and  results  in  very  accurate  track  at  lower  rates. 
The  reason  for  providing  the  "Cl  U"  position  is  the  necessity  for  eliminating  the  track  filter  when  the 
TSE  is  running  and  rate-aided  track  is  in  effect  to  provide  operator  assistance  at  the  higher  tracking 
rates  encountered  in  air-to-air  moving  target  engagements  (ACTION  mode).  This  must  be  done 
because  the  TSE  elevation  and  traverse  channels  are  designed  under  the  assumption  that  the 
operator's  hand  station  inputs  are  proportional  to  the  commanded  rate(vvhich  is  linearly  related  to 
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observed  angular  error  by  the  track  loop  gain  Kq  =  6  rad  sec.).-But  with  the  filter,  the  hand  station 
commands  must  be  roughly  proportional  to  acceleration  because  of  the  filter's  integration  effect. 
The  filter  provides  much  the  same  type  of  regeneration  during  manual  track  that  the  rate-aided 
track  is  designed  to  supply  in  the  ACTION  mode.  Thus,  the  filter  must  be  eliminated  during 
ACTION  mode  but  must  be  kept  in  the  Non-ACTION  manual  mode  to  provide  accurate  manual 
track. 

Figure  2  shows  diagramatically  how  the  air-to-air  track  loop  is  implemented.  Note  that  the 
gunner  is  modeled  as  closing  the  track  loop  with  gain  Kq_  This  corresponds  to  him  observing  an 
angular  position  error  A  6  and  outputting  a  proportional  hand  control  voltage  h.  This  simple 
closure  is  a  valid  model  during  rate-aided  track  operation  when  the  gunner  is  required  to  only  make 
corrections  to  the  rate-aided  track  signal.  The  gain  used  corresponds  to  a  6  radian/second  track 
loop  closure. 

Note  that  before  the  hand  control  signals  h  are  input  to  the  TSE,  they  are  divided  by  Kq  to 
obtain  A  9  in  radians,  then  multiplied  by  Rs,  estimated  range,  to  construct  an  input  proportional  to 
target  off-boresight  position  in  meters. 

Two  Stage  Gain 

In  order  to  provide  good  resolution  for  accurate  track  a  low  track  stick  gain  is  needed.  But  for 
initial  acquisition  a  large  gain  is  needed  to  generate  high  rates.  These  two  requirements  are  satisfied 
by  the  two  stage  gain  which  is  specified  in  Section  2.3  of  Appendix  A.  It  is  expected  that  during 
ACTION  mode  the  rate-aided  track  signal  will  be  accurate  enough  that  the  gunner  will  always  be 
within  the  low  gain  slope.  The  constant  Kq  has  been  sized  under  this  assumption. 

Track  Filter 

The  track  filter  is  modeled  after  that  used  in  the  SOS  hardware.  The  equations  which  are 
specified  in  Section  4.5  of  Appendix  A  correspond  to  the  transfer  function: 


G(S)  - 


TC 


Note  that  this  filter  has  unity  low  frequency  gain,  and  is  effectively  an  integrator  in  the  region  of 
target  dynamics  (.  17  R  Sto.98R  S).  In  addition,  the  hardware  anti-aliasing  filters  (20  R  S)  on  the 
hand  control  inputs  provide  a  high  frequency  roll-off  which  closely  match  that  of  the  SOS  filter. 

This  filter  is  used  primarily  in  the  Non-ACTION  mode:  but  also  during  ACTION  while 
waiting  for  the  second  laser  range  word  to  be  received. 


Fade  In  and  Fade  Out 


After  the  second  laser  range  word  has  been  received  in  the  ACTION  mode  the  rate-aided  track 
signal  plus  linear  hand  control  connections  are  computed  as  diagrammed  in  Figure  5  and  specified 
in  Section  7.8  of  Appendix  A.  At  this  time  fade  in  and  fade  out  signals  are  computed  as  specified  in 
Section  7.12  of  Appendix  A.  Both  fades  are  completed  in  a  linear  manner  over  an  interval  0.8 
seconds  long.  The  fade  out  is  applied  to  the  filtered  hand  control  inputs  (called  Wpy^  and  Wye ^ 
in  the  Appendix),  while  the  fade  in  is  applied  to  the  rate  aided  track  plus  operator  correction  signals 
(Wgc  and  Wye).  The  net  effect  is  a  smooth,  constant  gain  transition  between  the  two  modes 
of  operation. 

The  fade  in  is  also  applied  to  the  turret  lead  angles  and  rate  feed  forward  signals. 

BALLISTICS 

The  air-to-air  fire  control  computes  time-of-flight  and  gravity  drop  based  on  future  target 
position,  assuming  a  constant  target  velocity.  This  first  order  prediction  is  done  using  a  target 
velocity  which  has  been  generated  from  a  filtered  value  of  target  acceleration  in  the  TSE,  and  is  felt 
to  be  the  best  compromise  between  smooth  prediction  and  short  response  time. 

The  time-of-flight  and  future  range  are  calculated  iteratively  since  each  is  a  function  of  the 
other,  according  to  the  logic  of  Section  7.9  in  Appendix  A.  The  BRL  time-of-flight  (Tp)  equations 
are  modified  only  very  slightly  such  that  only  three  quarters  of  the  iteration-to-iteration  change  in 
Tp  is  used  in  the  new  future  range  calculation.  This  is  done  to  ensure  the  stability  of  the  iterations 
under  all  conditions,  and  has  a  small  effect  on  convergence  rate. 

The  logic  is  set  up  to  require  a  minimum  of  two  iterations  to  ensure  accuracy.  A  maximum  of 
five  iterations  is  imposed  as  a  further  safeguard  against  nonconvergence.  Normal  termination  of  the 
loop  is  when  the  change  in  Tp  is  less  than  1.5  milliseconds.  Simulation  and  flight  test  data  show 
between  two  and  three  iterations  are  normally  needed  to  meet  this  criterion. 

Gravity  drop  is  added  to  the  future  range  after  the  Tp  iterations  have  converged,  as  specified  in 
Section  7. 10. 1  of  Appendix  A.  This  formula  represents  a  curve  fit  which  results  in  negligible  errors 
for  Rp  within  the  region  of  curve  fit.  300  <  Rp  <  2000  meters.  Since  the  fit  quickly  deviates  outside 
of  this  region,  gun  fire  is  inhibited  for  Rp  >  1999.  No  such  inhibit  is  used  for  Rp  <300,  since  the  fit 
is  better  here,  and  also  due  to  the  large  angular  target  size  at  close  range. 

LEAD  ANGLE  CALCULATION 

The  turret  lead  angle  is  computed  in  two  steps  as  specified  by  Sections  7. 10.2. 1  and  7. 10.2.2 of 
Appendix  A.  The  first  step  is  to  compute  the  unit  vector  (bs.  bp  bm)  which  points  in  the  desired  gun 
direction.  The  equations  specified  were  derived  by  setting  the  total  projectile  velocity  vector  (gun 
impulse  plus  aircraft  velocity)  parallel  to  the  future  range  vector  which  has  been  computed  in  the 
ballistics  section.  A  closed  form  solution  to  this  condition  is  analytically  very  difficult;  however,  the 
iterative  solution  specified  is  straightforward  and  not  computationally  difficult.  The  calculations 
involve  iteratively  computing  the  gun  vector  as  a  function  of  total  muzzle  velocity,  then  total  muzzle 
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Figure  5.  A  ir-to-A  ir  Track  Loop 


velocity  as  a  function  of  gun  direction.  Four  iterations  are  specified,  and  only  Vi  the  change  m  gun 
vector  is  used  to  guarantee  stability  of  these  iterations. 

The  gun  lead  angle  is  then  computed  in  line-of-sight  coordinates  by  simply  subtracting  the 
sight  direction.  Is!  from  total  gun  direction  (bs,  b|,  bm),  and  then  rotating  to  the  aircraft  coordinates 
in  which  the  turret  operates. 

RATE  FEED  FORWARD 

Turret  rate  feed  forward  commands  are  calculated  to  take  advantage  of  the  high  bandwidth 
turret  rate  loop  to  remove  most  of  the  dynamic  servo  following  error  that  results  from  the  lower 
bandwidth  position  loop  following  the  lead  angle  command.  The  equations  are  specified  in  Section 
7. 1 1  of  Appendix  A.  They  have  been  derived  to  calculate  the  sum  of  line-of-sight  rate  and  lead  angle 
rate  in  the  turret  coordinate  system.  Lead  angle  rate  has  been  approximated  by  the  assumption  of  a 
constant  velocity  target. 

ALTERNATE  MODES 

Two  backup  modes  have  been  designed  to  provide  a  degraded  fire  control  solution  in  case  the 
laser  ranger  is  unavailable,  or  for  testing  without  the  laser.  These  modes  are  entered  by  selecting  the 
TEST  position  on  the  NORMAL  TEST  switch,  and  the  desired  mode  on  the  TEST  1  TEST  2 
switch. 

TEST  l  is  the  most  complete  backup  mode,  as  it  simply  substitutes  the  range  value  from  the 
range  pot  for  the  laser  range,  and  sets  the  “new  range  data  bit”  so  the  TSE  and  fire  control  continue 
as  normal. 

TEST  2  is  a  degraded  mode  which  also  reads  the  range  pot  instead  of  the  laser.  However,  no 
rate-aided  track  is  computed  in  this  mode.  In  addition  the  TSE  is  not  executed,  and  lead  angles  are 
computed  assuming  no  target  motion.  This  mode  is  specified  in  Section  8.0  of  Appendix  A. 


SECTION  3 
SYSTEMS  ANALYSIS 


FIRE  CONTROL  SYSTEM  MATHEMATICAL  MODEL 

A  digital  computer  program  known  as  AIRSIM  (Air-to-Air  Simulation)  has  been  developed 
to  simulate  the  dynamics  of  an  air-to-air  engagement,  and  in  particular  the  detailed  performance  of 
the  air-to-air  fire  control  system.  AIRSIM  contains  a  faithful  model  of  the  fire  control  equations, 
and  was  used  extensively  during  the  design  phase  to  evaluate  their  performance  in  order  to  validate 
and  debug  the  design  concept.  This  was  done  long  before  the  actual  software  was  coded  and  ready 
for  systems  integration  and  functional  testing. 

AIRSIM  is  written  in  FORTRAN  and  runs  on  a  PDP  1 134 computer.  It  interfaces  with  a  plot 
routine  and  Tektronix  plotter  and  hard  copy  unit  so  that  time  histories  of  37  variables  of  interest  are 
available  for  analysis. 

The  program  structure  is  shown  in  Figure  6  in  the  form  of  a  top  level  flow  chart.  Note  that  after 
the  initialization,  the  program  runs  in  a  loop,  incrementing  time  by  I  '600  second  and  calculating 
outputs  corresponding  to  this  time.  This  high  data  rate  is  used  only  for  integrating  the  dynamics 
associated  with  the  sight  and  turret,  and  for  updating  of  the  true  states  (position,  velocity, 
acceleration)  of  the  target  and  helicopter,  (n  addition,  there  is  a  (0  hertz  data  rate  for  updating  the 
laser  range  measurement,  and  a  30  hertz  rate  for  the  fire  control  equations.  Note  that  the  simulated 
laser  measurement  is  rounded  to  +5  meters  to  correspond  to  the  value  of  the  least  significant  bit 
from  the  laser. 

True  State  Calculations 

The  block  marked  True  State  Calculations  controls  the  nature  of  the  engagement  dynamics, 
and  has  two  options:  straight  line  fly-by.  and  target  breakaway.  The  straight  line  fly-by  was  used  as 
a  baseline  for  design  evaluation,  and  computes  the  inertial  positions  of  a  constant  velocity  target 
and  helicopter.  The  particular  case  used  for  evaluation  simulated  a  100  meters  second  closing 
velocity  with  a  peak  LOS  rate  of  0.4  radians  second.  The  exact  conditions  used  are  tabulated  in 
Table  I. 


Table  1. 
Initial  Position 
( Meters) 

FLY-BY  INITIAL  CONDITIONS 

Velocity 

(Meters  second) 

X 

Y 

Z 

VX 

VY 

vz 

Ownship 

0 

0 

25 

20 

0 

0 

Target 

1500 

250 

175 

-80 

0 

0 
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Figure  6.  A I  RSI  M  Flow  Chart 
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Two  other  conditions  were  requested  by  the  Army  to  be  simulated:  a  collision  course  run,  and 
a  target  breakaway.  Both  started  from  the  initial  conditions  given  in  Table  2. 

Table  2.  COLLISION  COURSE  AND  BREAKAWAY  CONDITIONS 


Initial  Position 
(Meters) 

Velocity 

(Meters/ second) 

X 

Y 

Z 

VX 

vY 

vz 

Ownship 

0 

20 

0 

Target 

-80 

The  collision  course  simulation  used  the  same  constant  velocity  equations  as  the  fly-by,  with 
only  the  initial  conditions  changed  as  noted.  The  target  breakaway  simulated  a  coaltitude,  2g  target 
maneuver  starting  at  a  range  of  600  meters  (t  =  9  seconds  simulation  time).  The  acceleration  was 
faded  in  with  a  0.5  second  time  constant  to  approximate  the  response  capabilities  of  a  target 
aircraft. 

Track  Loop  Model 

A  relatively  simple  model  of  the  interaction  between  the  man,  sight,  target,  and  fire  control 
computer  is  used  to  simulate  the  air-to-air  track  loop,  as  shown  in  Figure  7. 

The  man  is  modeled  as  a  transfer  function  which  observes  the  angular  tracking  errors  in  each 
axis,  and  provides  an  output  rate  command  to  the  sight.  This  command  is  proportional  to  the 
position  error  by  the  constant  Kq,  which  has  the  units  of  radians/ sec/ radian,  and  also  is  equal  to 
the  bandwidth  of  the  track  loop,  since  all  other  loop  gains  are  unity.  A  value  of  three  has  been  used 
for  Kq.  In  addition,  the  man  is  modeled  by  a  pure  delay  (magnitude  25  milliseconds)  plus  a  linear 
time  constant  of  1/7.5  seconds. 

The  man’s  rate  command  is  summed  with  the  rate-aided  track  signal  to  form  the  total  rate 
command  to  the  sight.  The  sight  rate  response  is  modeled  by  a  first  order  time  constant  (120 
radians  /second),  followed  by  an  integration  to  produce  sight  position. 

The  observed  angular  tracking  errors  are  formed  as  ratios  of  the  components  of  relative  target 
position  Rs,  D|,  Dm  as  shown  in  Figure  7.  This  LOS  position  vector  is  calculated  from  the  cartesian 
target  and  ownship's  position  vectors  (which  have  been  calculated  by  the  “True  State 
Calculations”)  by  a  rotation  through  the  sight  angles. 

Turret  Model 


The  turret  response  model  used  by  A I  RSI  M  is  shown  in  Figure  8.  It  is  complicated  by  the  fact 
that  the  sight  and  lead  angle  interface  is  computed  in  terms  of  direction  cosine  vectors.  The  servo 
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Figure  7.  AIRSIM  Track  Loop  Model 


error  equations  simulate  the  turret  resolver  chain  which  separates  the  three  component  direction 
cosine  commands  into  azimuth  and  elevation  signals. 

The  rate  loop  model  shows  a  low  frequency  integration  together  with  a  bandwidth  of  120 
radians  /  second.  This  was  obtained  by  calculating  a  simplified  expression  for  the  turret  closed  rate 
loop  from  servo  block  diagrams.  The  rate  feed  forward  commands  are  put  through  a  low  frequency 
differentiator  in  order  to  model  the  way  that  they  are  added  in  the  track  loop  before  the  capacitor 
coupled  tachometer  feedback. 

AIRSIM  Data 

Representative  output  plots  from  three  AIRSIM  runs  are  given  in  this  section. 

Figures  9  through  15  are  from  the  target  fly-by  run  described  by  the  conditions  in  Table  I. 
Target  crossover,  or  the  point  of  closest  approach  occurs  just  after  t  =  1 5  seconds.  Note  that  the 
settling  time  of  the  computer  is  between  three  and  five  seconds,  although  the  initial  transient  is  small 
in  this  case  because  perfect  track  was  assumed  at  time  zero,  when  ACTION  was  pulled.  Note  also 
that  only  about  1 '/:  milliradians  of  peak  tracking  error  are  expected  for  this  moderately  fast  target, 
and  that  this  only  occurs  around  crossover.  After  the  initial  transient  there  is  an  extended  period  of 
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Figure  9.  A I  RSI  M  Data  —  Target  Flyby 
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AZIMUTH  RATE  AIDED  TRACK  -  R/S 


Figure  15.  A1RSIM  Data  —  Target  Flyby 


smooth,  accurate  track  with  ample  opportunity  for  fire.  Note  that  all  computer  outputs  (rate-aided 
track,  lead  angle,  and  rate  feed  forward)  are  smooth,  and  the  effects  of  the  0.4  second  fade  in  (later 
changed  to  0.8  second  for  the  operational  system)  are  readily  seen.  The  turret  servo  errors  are  seen 
to  be  negligibly  small,  and  consisting  primarily  of  30  hertz  computer  iteration  noise. 

Figures  16  through  19  are  from  the  collision  course  run.  After  the  initial  transient,  all  of  the 
variables  in  the  azimuth  and  elevation  channels  (1  and  m)  are  zero  —  i.e..  perfect  track  of  this  target 
is  expected,  so  that  all  of  the  motion  is  in  the  range  (s)  axis.  The  estimated  acceleration  curve  is  the 
most  sensitive  and  since  the  true  value  is  zero,  is  a  measure  of  the  filter  error  which  is  seen  to  be 
small,  and  approaching  zero  with  time.  Lead  angle  for  this  case  is  all  superelevation;  and  from  the 
gun  elevation  angle  plot,  seems  to  be  fully  settled  well  inside  of  two  seconds. 

Figures  20  through  28  are  from  the  target  breakaway  simulation,  as  described  in  this  section. 
For  the  first  nine  seconds,  at  which  time  the  breakaway  starts,  the  run  is  exactly  the  same  as  the 
collision  course.  The  range  at  breakaway  initiation  is  approximately  600  meters.  At  this  time  the 
velocity  estimation  error  and  tracking  error  increase  quite  dramatically  due  to  the  sudden  change  in 
acceleration,  and  2'/;  to  3  seconds  is  needed  for  the  solution  to  resettle  to  the  point  where  both  the 
track  and  the  estimated  velocity  are  good. 
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ESTIMATED  RANGE  -  METERS 


Figure  20.  A I  RSI M  Data  —  Target  Breakaway 


Figure  21.  A/RSIM  Data  —  Target  Breakaway 
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Figure  24.  A I RSI M  Data  —  Target  Breakaway 
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Figure  25.  A I  RSI  M  Data  —  Target  Breakaway 


AZIMUTH  RATE  AIDED  TRACK  —  R/S 
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Figure  28.  A I  RSI  M  Data  —  Target  Breakaway 


TARGET  MOTION  AND  TACTICS 

The  following  scenario  has  been  hypothesized  by  the  General  Electric  Company.  Armament 
Systems  Department. 

The  primary  mission  of  the  U.S.  Army’s  attack  helicopters  is  to  engage  and  destroy  the  armor 
of  opposing  forces.  This  mission  will  be  accomplished  from  very  low  altitude,  primarily  with  the  use 
of  guided  antitank  missiles.  The  Soviet’s  attack  helicopters  have  the  same  primary  mission  but 
another  mission  is  quite  conceivable.  This  is  the  protection  of  their  armored  forces  from  the  efforts 
of  U.S.  attack  helicopters. 

In  this  scenario,  the  U.S.  helicopter  (blue)  would  initially  be  at  hover,  at  low  altitude,  and 
possibly  engaged  with  missile  attack  on  advancing  armor.  The  Soviet  helicopter  (red)  would  be 
vectored  to  the  general  area  of  the  U.S.  aircraft.  They  would  initially  be  at  a  higher  altitude  and 
would  be  flying  at  nearly  their  maximum  velocity.  Upon  sighting  the  blue  helicopter  the  red 
helicopters  would  press  their  attack  radially  in  a  shallow  dive.  The  red  helicopter  could  be  expected 
to  use  any  of  its  armament  which  includes  guided  antitank  missiles,  rockets  and  high  rate-of-fire 
cannon.  The  red  helicopter  would  press  its  attack  until  it  killed  its  target  or  until  the  pilot  felt  that 
his  depth  of  penetration  of  the  FEBA  had  become  untenable.  At  that  time  the  red  helicopter  would 
turn  away  and  the  attack  would  be  taken  up  by  following  helicopters.  During  the  turn  the  red 
helicopter  would  attempt  to  avoid  presenting  a  broadside  to  trie  blue  helicopter. 


i  hiiiiwh 


The  blue  helicopter,  which  would  probably  be  screened  from  the  view  of  the  red  helicopter  by 
foliage  or  terrain,  should  detect  the  presence  of  the  red  helicopter  before  it  is  in  turn  detected.  It 
would  remain  at  hover  and  hidden  as  long  a  possible.  If  brought  under  attack,  it  would  hopefully  be 
aided  by  air  defense  weapons  in  the  vicinity  ( Redeye,  Stinger,  V  ADS,  or  D1 V  ADS).  If  not,  it  would 
be  required  to  defend  itself.  At  short  ranges  of  encounter  ( 1 500  meters  or  less)  its  defensive  weapon 
would  probably  be  the  turreted,  high  rate-of-fire  cannon. 

The  blue  helicopter  may  maneuver  to  avoid  fire  but  it  would  try  to  present  a  frontal  area  to  the 
attacker  both  to  minimize  the  area  it  presents  to  the  red  aircraft  and  to  keep  the  attacker  within  its 
field  of  fire.  The  maneuver  would  probably  be  lateral  motion. 

A  diagram  of  the  encounter  is  shown  in  Figure  29  with  probable  aircraft  velocities,  engagement 
ranges  and  altitudes  shown. 

One  other  scenario,  besides  chance  encounters,  is  possible  but  much  less  likely.  Soviet 
helicopters  have  an  airmobile  mission  to  deliver  and  cover  assault  forces.  It  is  conceivable  that  U.S. 
helicopters  would  be  called  upon  to  intercept  this  operation.  The  Soviets  would,  most  likely, 
attempt  to  use  superior  speed  to  bypass  the  intercepting  blue  helicopters.  In  that  event,  the  flight 
paths  of  the  red  helicopters  would  be  low  altitude,  high  velocity  and  crossing  —  atypical  air  defense 
problem.  The  altitudes  would  be  less  than  100  meters,  with  velocities  approaching  180  knots  and  at 
crossing  ranges  of  500  to  2000  meters.  Of  the  present  armament  aboard  U.S.  attack  helicopters,  the 
cannon  would  be  the  most  likely  used  weapon  of  attack. 

FIRING  RATE  ANALYSIS 

» 

The  question  of  the  “optimal”  rate-of-fire  for  helicopter  gun  armament  systems  has  long  been 
discussed.  Most  agree  that  as  more  rounds  are  fired  at  a  target,  the  probability  of  hitting  and  killing 
it  is  increased.  This  implies,  given  a  specific  time,  length  of  burst,  that  the  fire  rate  should  be  as  high 
as  can  be  achieved  with  the  machinery  in  use.  This  thesis  is  sometimes  countered  with  the  argument 
that,  given  a  specific  number  of  rounds  to  be  fired  at  the  target,  it  is  better  to  fire  slowly  and  to 
correct  the  aim  between  each  shot.  Other  arguments  are  concerned  with  the  tradeoff  between  fire 
control  accuracy  and  gun  fire  rate.  Regardless,  all  arguments  are  reduced  to  acceptance  of  the  fact 
that  the  more  rounds  fired,  the  greater  the  hit  probability  and  to  the  question  of  whether  it  is  better 
to  fire  them  slowly  or  quickly. 

Arguments,  as  discussed  above,  frequently  fail  to  take  into  account  the  constraints  that  are 
basic  to  the  choice  of  the  best  fire  rate.  For  instance,  neither  an  unlimited  time  to  fire  at  the  target 
nor  an  unlimited  amount  of  ready  ammunition  will  be  available.  The  former  will  be  limited  by  the 
tactics  of  aerial  gunnery  and  the  latter  by  weight  limitations  imposed  by  the  aircraft  design.  In 
addition,  the  aircraft  will  most  likely  be  required  to  be  prepared  to  engage  more  than  one  target  per 
mission  and  such  parameters  as  target  range  (which  could  effect  the  choice  of  fire  rate)  cannot  be 
predicted  in  advance. 

A  method  that  can  be  used  to  estimate  the  “best”  fire  rate  is  to  maximize  some  function  such  as 
the  expected  number  of  targets  killed  (or  hit)  per  mission  in  the  presence  of  such  constraints  as  the 
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Figure  29.  FEB  A  Air- to- Air  Engagement  Scenario 


total  number  of  ready  rounds  available.  This  method  has  been  applied  to  the  analysis  of  the  rate-of- 
fire  for  the  M197  gun  armament  system  that  is  mounted  on  the  AH-1S  attack  helicopter.  The 
cannon  is  a  3-barrel  20-mm  Gatling  type  and  the  ready  ammunition  supply  is  750  rounds.  This 
maximization  was  done  with  a  Monte  Carlo  process. 

The  scenario  chosen  for  the  analysis  was  air-to-air  combat  between  the  AH- IS  and  a  hostile 
helicopter.  Target  kill  (an  A-kill  criteria  was  used)  was  defined  as  at  least  one  hit  in  the  target’s 
vulnerable  area.  The  value  function  that  was  maximized  was  the  expected  number  of  targets  killed 
during  a  mission. 

The  factors  of  the  engagement  during  a  mission  cannot  be  predicted  beforehand,  but  they  can 
be  described  statistically.  This  was  done  in  the  Monte  Carlo  analysis  by  the  inclusion  of  probability 
distribution1  functions.  These  functions  were  derived  from  data  of  cannon  firings  from  the  J- 
CATCH  II  and  J-CATCH  IV  tests2.  The  probability  distribution  functions  were  of  the  burst  length 
in  seconds,  the  firing  range  in  meters  and  the  number  of  targets  engaged  per  mission.  An  estimated 
frontal  vulnerable  area  was  used.  Aspect  angle  of  the  target  could  have  been  included  as  a 
distribution  function,  but  data  in  this  form  was  not  available  at  the  time  of  the  analysis.  Only  one 
burst  per  target  was  assumed  at  the  suggestion  of  D.  O’Neill  though  the  number  of  bursts  per  target 
could  also  have  been  included  as  a  distribution  function.  The  distribution  functions  used  in  the 
analysis  are  shown  on  Figures  30,  31,  and  32. 


Kill  probabilities  were  calculated  with  the  use  of  an  “independence”  model  where  the  aim  error 
shot-to-shot  was  assumed  to  be  uncorrelated.  The  gun  pointing  error  was  assumed  to  be  a  linear 
function  of  the  projectile  time-of-flight  to  the  impact  range  with  the  target.  This  equation  was  an 
attempt  to  account  for  the  fire  control  errors  which  are  at  least  a  linear  function  of  range.  The  error 
equation  which  was  used  is  given  by  a  a  =  (2  +  8  Tp)  milliradians,  where  a  ^  is  the  radial  standard 
deviation  of  the  aim  error  and  Tp  is  the  projectile  time-of-flight.  This  was  a  conservative  estimate  of 
the  error  statistics  that  could  be  encountered  during  air-to-air  combat.  Hopefully,  this  estimate  can 
be  updated  with  the  MIDI  data  from  the  Ft.  Bliss  firing  tests. 


1  A  probability  distribution  function  Fy  (y)  is  defined  as: 


Fy  (y)  =  p  [v<yj 

:  Communication  from  D.  O’Neill,  AMSAA,  to  J.  Wagner,  General  Electric  Company.  August, 
1979. 
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Figure  31.  Probability  Distribution  Function 
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Figure  32.  Probability  Distribution  Function 


Figure  33  shows  a  summary  of  the  results  of  the  analysis.  It  is  a  plot  of  the  expected  number  of 
targets  killed  per  mission  (ENKM)  versus  the  cannon  rate-of-fire  in  rounds-per-minute.  Thisshows 
ENKM  to  steadily  increase  as  Fire  rate  is  increased  until  a  fire  rate  of  1500  shots-per-minute  is 
reached,  after  which  ENKM  decreases.  Also  shown  on  the  chart  is  the  probability  that  the  aircraft 
will  deplete  its  ammunition  supply  before  the  mission  is  completed  (PEXHM).  This  probability  is 
essentially  zero  until  a  fire  rate  of  900  shots-per-minute  is  reached.  After  1 500  shots-per-minute  the 
probability  of  running  out  of  ammunition  during  a  mission  is  20  percent. 

For  a  check  on  the  sensitivity  of  the  calculation  of  the  “best”  Fire  rate,  two  additional  cases  were 
examined.  The  first  was  with  the  vulnerable  area  increased  by  a  factor  of  Five  as  an  estimate  of  the 
side  vulnerable  area,  and  the  second  with  the  gun  pointing  error  equation  reduced  to  o  ^  =  (2  +  4 
Tp).  For  both  cases  the  “best"  fire  rate  was  in  excess  of  1000  shots-per-minute.  The  expected 
number  of  kills  per  mission  was  increased.  The  results  of  analyses  are  shown  on  Figures  34  and  35. 

Based  on  this  analysis,  a  Fire  rate  of  1 500  shots-per-minute  appears  to  be  “best."  as  it  maximizes 
the  kill  probability  with  an  acceptably  low  probability  of  exhausting  the  ammunition  supply. 
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750  ROUNOS 


Figure  33.  Expected  Kills  Per  Mission  (EM KM)  and  Probability  of  Exhausting  Ammunition 
(PEXHM)  Versus  Fire  Rate 


VARYINO:NE  3..NB  10  790  ROUNOS 

TARGET  VULNERABLE  AREA  10  SQUARE  METERS 

Figure  34.  Expected  Kill  Per  Mission  (EM KM)  and  Probability  of  Exhausting  Ammunition 
(PEXHM)  Versus  Fire  Rate 
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Figure  35.  Expected  Kill  Per  Mission  (ENKM)  and  Probability  of  Exhausting  Ammunition 
(PEXHM)  Versus  Fire  Rare 

SENSOR  AND  HARDWARE  REQUIREMENTS 

In  order  to  provide  an  effective  air-to-air  gunnery  capability  in  the  MWFCS  aircraft, 
additional  instrumentation  is  required  as  documented  here.  Changes  in  the  gun  and  turret  system 
are  described  later  in  this  section. 

The  MWFCS  computer  is  one  of  a  kind,  hard-wired,  and  non-software  programmable.  It  is 
not  representative  of  current  computer  technology  and  therefore  not  a  good  choice  for  an  air-to-air 
fire  control  demonstration.  A  mure  adequate  fire  control  computer,  together  with  an  accurate 
Aircraft  State  Estimator  ( ASE)  already  programmed  in  it.  is  available  from  the  Closed  Loop  Fire 
Control  System.  In  order  to  save  development  time,  this  computer  and  software  was  chosen  to  be 
used  in  the  MWFCS  aircraft. 

The  Inertial  Measurement  Unit  from  the  CLFCS  must  also  be  added  because  the  CLFCS  ASE 
requires  this  sensor  package  which  includes  three  body  gyros  and  three  accelerometers.  It  should  be 
noted  that  it  is  very  unlikely  that  such  an  IMU  (or  at  least  the  gyros  from  it)  would  be  needed  if  an 
operational  air-to-air  system  were  to  be  designed.  The  IMU  gyros  were  used  on  this  test  bed 
development  simply  to  be  able  to  use  existing  software,  and  minimize  development  time. 

The  MWFCS  laser  ranger  was  used,  again  for  ease  in  developing  a  test  bed.  but  the  beamwidth 
is  extremely  narrow  ('/;  milliradian)  for  this  application.  A  beamwidth  of  2  to  3  milliradians  would 
be  better  for  engaging  aerial  targets.  When  ranging  a  ground  target,  a  very  small  error  is  made  if  the 
beam  misses  the  target  and  hits  the  ground  instead.  However,  if  the  beam  misses  an  aerial  target,  it 
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will  most  probably  hit  nothing  else  within  the  range  gate,  and  thus  will  be  completely  lost.  This_is 
especially  critical  when  acquiring  a  high  rate  target,  and  attempting  to  lock  on  with  rate-aided 
track.  A  wider  beam  eases  the  accuracy  of  manual  track  that  is  required  before  the  transition  can  be 
made,  and  assures  the  computer  of  receiving  more  returns  during  this  critical  period  so  that  a 
smooth,  rapid  transition  can  be  made. 

TURRET  AND  GUN  CHARACTERISTICS 

A  simplified  block  diagram  of  the  AH- IS  turret  servos  is  given  in  Figure  36.  An  error  analysis 
can  be  performed  from  this  block  diagram  by  first  obtaining  the  corresponding  open  loop 
frequency  response  for  the  position  loop 


GH  = 


95.4  (_+1) 


s(s  +  .o2)(Tfo+,)(-|-t,) 


Figure  36.  Turret  Servo  Block  Diagram 


Base  Motion  Errors 

In  order  to  size  the  magnitude  of  turret  servo  pointing  error  due  to  ownship’s  motion,  this 
motion  is  broken  into  two  parts. 

•  Low  frequency  motion  resulting  from  evasive  maneuvers  or  air  turbulence  is  modeled  by 

0  =  0.5  sin  1.57t  radians  sec. 

•  High  frequency  motion  resulting  from  rotor  induced  vibration  is  modeled  by 

0  =  .05  sin  70t  +  .05  sin  35t  radians  sec. 

The  resulting  angular  amplitude  is  found  by  integrating  with  the  result 
0  =  .32  cos  l.57t  +  .0014  cos  35t  +  .0007  cos  70t  radians 
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The  resulting  position  error  is  found  by  dividing  each  component  by  the  magnitude  of(l+GH) 
at  that  frequency 

e  =  8. 1  cos  !.57t  +  .9  cos  35t  +  .6  cos  70t  milliradians 

Thus,  we  see  the  peak  dynamic  errors  due  to  base  motion  are  expected  to  be  on  the  order  of  9 
milliradians.  An  order  of  magnitude  improvement  of  these  errors  can  be  obtained  by  adding  three 
spring  restrained  gyros  to  the  turret  to  sense  and  compensate  for  this  motion  through  the  high 
bandwidth  rate  loop.  This  type  of  gyro  stabilization  is  recommended  to  minimize  these  types  of  gun 
pointing  errors. 

Target  Motion  Errors 

When  tracking  a  high  angular  rate  target  there  is  a  turret  servo  following  error  proportional  to 
the  angular  acceleration.  This  turret  servo  has  an  acceleration  constant  of  95.4  (the  open  loop  gain 
at  1  radian  second)  which  is  the  proportionality  constant  between  acceleration  and  resulting  error. 
To  size  the  magnitude  of  this  error,  we  will  assume  a  1  radian/ second  crossing  target,  which  can  be 
shown  to  have  a  peak  angular  acceleration  of  .65  radians /second2.  Dividing  this  acceleration  by  the 
servo  acceleration  constant  shows  that  the  peak  servo  following  error  can  be  expected  to  be  about  7 
milliradians  for  this  condition. 

The  addition  of  turret  rate  commands  from  the  fire  control  computer,  known  as  rate  feed 
forward,  in  addition  to  the  position  command  can  reduce  these  peak  errors  by  an  order  of 
magnitude.  Addition  of  rate  feed  forward  turret  commands  are  therefore  recommended. 

Gun  Firing  Rate 

As  shown  by  the  analysis  of  the  firing  rate,  a  rate-of-fire  significantly  higher  than  the  standard 
750  shots-per-minute  is  needed  to  maximize  target  kill  probability.  Doubling  the  rate  to  1500  is  a 
convenient  choice  that  is  close  to  the  “best”  rate  and  is  therefore  recommended. 

AH-1S  MODERNIZED  COBRA  RECOMMENDATIONS 

In  order  to  provide  the  AH-1S  Modernized  Cobra  with  an  effective  air-to-air  fire  control 
capability,  changes  are  needed  in  the  sensor  set,  fire  control  computer  inputs  and  outputs,  and 
computer  software.  The  following  recommendations  are  based  on  available  information  of  the  A  H- 
IS  fire  control,  and  may  not  be  up  to  date. 

Sensors 

The  following  additions  and  improvements  to  the  fire  control  sensors  are  listed  in  order  of 
priority. 

•  Add  a  roll  rate  gyro  (of  rate-integrating  quality)  to  the  line  of  sight  axis  of  the  TOW  sight. 
This  input  is  necessary  for  implementation  of  accurate.  LOS  based  fire  control  equations. 


•  Add  “hull  rate"  gyros  to  the  gun  turret  to  augment  stabilization  of  the  gun  line  during 
ownship’s  maneuvers.  Spring  restrained  gyros  are  adequate  for  this  purpose. 

•  Increase  the  laser  beamwidth  to  2  or  3  milliradians  (half  power  point).  A  range  of  2500  is 
the  maximum  needed  for  air-to-air  gunnery,  however,  the  power  must  be  put  in  a  much 
wider  beam  than  the  Vi  milliradians  used  on  the  MWFCS. 

•  Increase  the  pulse  repetition  rate  of  the  laser  rangefinder  from  the  present  value  of  three  to 
four  pulses  per  second,  which  is  marginal  for  air-to-air.  A  value  of  1 0  pps  is  fully  adequate. 

Computer  Inputs  and  Outputs 

In  order  to  accurately  track  the  relatively  high  speed  target  and  ensure  that  the  gun  turret 
accurately  follows  the  command,  four  signals  must  be  generated  by  the  fire  control  computer  and 
output  to  the  TOW  sight  and  gun  turret.  These  signals  are: 

•  Rate-Aided  Track  (RAT)  signals,  one  each  in  elevation  and  traverse,  should  be  sent  to  the 
TOW  sight.  These  signals  should  include  compensation  for  target  as  well  as  ownship's 
motion.  They  allow  accurate  track  of  a  much  higher  angular  rate  target  than  can  be  done 
manually.  RAT  permits  the  gunner  to  operate  in  the  low  gain,  low  force  region  of  the 
thumb  button  where  he  can  make  small,  accurate  corrections  to  the  large  rates  generated  by 
RAT. 

•  Rate  Feed  Forward  (RFF)  signals  to  the  azimuth  and  elevation  gun  turret  servo  rate 
summing  junctions  are  very  helpful  in  reducing  dynamic  gun  pointing  errors.  These  errors 
can  be  reduced  bv  an  order  of  magnitude  by  RFF  signals  for  a  high  rate  target. 

Additional  fire  control  computer  inputs  to  perform  the  air-to-air  fire  control  task  will  include 
the  following: 

•  A  line-of-sight  roll  gyro  as  discussed  above. 

•  The  gunner  hand  control  track  signals  will  have  to  be  added  if  the  filter  implementation  is 
the  same  as  used  for  this  contract. 


Fire  Control  Computer  Software 

Rather  extensive  changes  will  be  required  to  the  fire  control  software  in  order  to  incorporate 
an  air-to-air  gunnery  capability.  These  changes  include  the  following: 

•  The  target  state  estimator  will  probably  have  to  be  completely  reprogrammed  in  order  to 
explicitly  account  for  target  motion.  It  is  recommended  that  a  constant  or  nearly  constant 
acceleration  model  be  used. 
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The  ballistics  computations  must  also  be  changed  to  include  the  effects  of  target  motion 
during  the  projectile  time-of-flight.  A  constant  velocity  predictor  is  recommended. 

The  generation  of  rate-aided  tracking  signals  for  the  sight,  and  rate  feed  forward  signals  for 
the  turret  should  be  added. 

Laser  range  coasting  logic  should  be  added  if  not  already  available. 

The  executive  program  will  have  to  be  modified  or  rewritten  to  handle  the  new  routines  and 
increased  input  output. 


SECTION  4 

AIR-TO-AIR  FIRE  CONTROL  SOFTWARE 

OVERVIEW 

The  air-to-air  software  has  been  written  in  assembly  language  for  the  CDC  469-8k 
minicomputer.  The  assemblies  have  been  done  on  ARRADCOM  computers,  CDG  6000  via 
Intercom  timeshare  system.  The  latest  source  has  been  saved  on  magnetic  tape  reel  #8468,  dated 
October  19,  1979  at  ARRADCOM.  The  loadable  program  has  been  punched  on  paper  tape  to  be 
forwarded  to  ARRADCOM.  CDC  469-8k  memory  has  been  loaded  with  the  latest  version  of  the 
program  using  General  Electric  memory  loader. 

ORGANIZATION 

The  real  time  software  in  CDC  469  computer  consists  of  the  following  sections: 

—  Page  zero  variables /constants 
—  Executive 
—  Input  scaling  routine 
—  Laser-read,  scale  and  range  gate 
—  Hand  control  filter 

—  Two  stage  scaling  routine  for  hand  control  inputs 
—  Aircraft  state  estimator 
—  Fire  control  system 
—  Output  routines 
—  Interrupt  service  routine 
—  Flight  recorder  subroutine 
—  Arithmetic  routines 
—  General  Electric  memory  loader 
—  Variables  and  constants 
—  Test  patch  to  plot  and  display 

Table  3  shows  the  current  memory  map  of  the  CDC  469. 

EXECUTIVE 

The  executive  controls  all  logic  and  timing  functions,  subroutine  calls  and  input  ,  output 
operations.  The  timing  is  based  on  a  real  time  clock  (30  Hz)  to  which  the  executive  synchronizes  at 
power  on. 

The  longest  path  through  the  software  has  been  measured  to  be  30  milliseconds  out  of  a  total 
available  time  of  33.33  milliseconds. 
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Table  3.  MEMORY  MAR 


SECTION  DESCRIPTION 

IDENTIFIER 

ADDRESS 

Page  Zero 

PAGEO 

000000  -  000377 

Executive 

(EXEC) 

010407 

COLD 

010407 

START 

010442  -  010517 

WAITLOP 

012544-  012604 

A/C  State  Estimator 

A/C  Estimator 

011015-011630 

Input  Scaling 

PRECOMP 

013000-013171 

Laser 

LASER 

012000-  012077 

Initialization 

INITO 

015235  -  015306 

INITI 

014600  -  014734 

FIRINTT 

015307  -  015340 

Hand  Control  Filter 

OMEGA 

012200-  012241 

Two  Level  Gain 

DGAIN 

016500  -  016613 

Output 

OUTPUT 

012400-  012536 

OUT2 

012700  -  012751 

Interrupt  Service 

Routine 

INTR 

015060-  015160 

Flight  Recorder 

FREC 

014500-014574 

Arithmetic 

LSQRT 

014750  -  015022 

Subroutines 

RSHIFT 

015161  -  015163 

LSHIFT 

015164-015166 

MATM 

015167  -  015234 

SIN 

013440-  013454 

COS 

013455  -  013460 

AT  AN 

013400  -  013437 

Memory  Loader 

GELOAD 

013500  -  013563 

Variables 

— 

000400  -  003700 

Test  Patch 

— 

013300  -  013315 

Fire  Control  System 

FIRECTL 

004000 

INPUT 

004000  -  004266 

RNCOAST 

004400  -  004554 

INIT73 

004600  -  004661 

FILTRS 

004750  -  007065 

TFLT 

007100  -  007321 

The  discretes  are  read,  unpacked  and  packed,  and  the  A  D  channels  are  initiated  by  the 
executive. 

At  the  conclusion  of  one  cycle  through  the  software,  the  system  waits  in  a  loop  until  30  Hz 
interrupt  arrives.  See  Figures  37  and  38  for  a  more  detailed  description  of  the  executive  routine. 
Each  of  the  subroutines  called  by  the  executive  are  described  separately. 


Figure  37.  Top  Level  Flow 
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Figure  38.  Executive  Flow  Chart  (Sheet  3  of  5) 
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Figure  38.  Executive  Flow  Chart  ( Sheet  4  of  5) 
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AIRCRAFT  STATE  ESTIMATOR 

This  code  was  written  at  GE-Binghamton  for  original  Closed  Loop  Fire  Control  Software  and 
has  been  adopted  in  air-to-air  software  without  any  modification. 

INPUT  SCALING  (PRECOMP) 

This  subroutine  converts  the  raw  input  signals  to  the  proper  engineering  units  used  in  the 
computer.  The  scale  factors  for  conversion  are  listed  in  Table  4  and  are  derived  from  1  O 
specifications  (Appendix  B).  Direct  scaling  of  the  form 

Y  =  AX  +  B 

is  used,  where  A  and  B  are  the  scale  factor  and  offset  respectively,  X  is  the  raw  input  and  Y  is  the 
scaled  input. 

The  hand  control  input  uses  a  two  level  scaling  of  the  form: 

Y  =  AX  +  B  (  |Xj  -  C).  SIGN  (X) 


LASER 

This  code  reads  laser  word  from  input  output  channel  number  12.  scales  it  to  meters,  saves  it 
for  later  processing  and  outputs  range  gate. 

INITIALIZATION 

INITO 

This  subroutine  is  called  on  power  on  at  cold  and  warm  starts.  It  initializes  all  variables. 
INITI 

This  subroutine  is  called  in  No-action  (Acquisition)  mode.  The  function  of  this  routine  is  to 
initialize  all  output  variables,  the  aircraft  state  estimator  variables,  and  computes  hand  control 
filtered  output  for  acquisition  mode. 

FIRINITT 

This  subroutine  is  called  at  first  pass  after  the  action  switch  is  closed  or  if  laser  has  been  off  for 
longer  than  two  seconds.  It  is  also  called  if  the  flag  (I  FT  ACT)  has  been  set  according  to  the  logic 
shown  in  the  range  coasting  flow  chart  (Appendix  A).  The  variables  are  initialized  according  to  the 
Fire  Control  Initialization  section  of  Appendix  A. 
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Table  4.  THE  INPUT  SCALE  FACTORS 


DESCRIPTION 

SCALE  FACTOR 

OFFSET 

MAX  VALUE 

SCALE 

UNITS 

A/D  INPUTS 

Acceleration  U 

+.07144047B+3 

- 

+  145 

B-6 

Ft/sec2 

V 

— .07144047B+3 

- 

+  145 

B-6 

Ft/ sec2 

W 

+.07144047B+3 

- 

+  145 

B0 

Radian 

Sin  Pitch 

1.0 

- 

+.99 

BO 

Radian 

Cos  Pitch 

1.0 

- 

+  1.0 

BO 

Radian 

Sin  Roll 

1.0 

- 

+.99 

B0 

Radian 

Cos  Roll 

1.0 

- 

+  1.0 

B0 

Radian 

Static  Pressure 

+.0048828B+2 

6.B-9 

+6  to  +16 

B-9 

PSI 

Ambient  Temperature 

+.09281876B+2 

233.16B-9 

233.15  to  307.15 

B-9 

Degree  K 

Diff.  Pressure 

+.000635076B+6 

- 

0  to  1.3 

B-5 

PSID 

Sight  U 

1.0 

- 

+  1 

B0 

Radian 

V 

1.0 

- 

+  1 

BO 

Radian 

W 

1.0 

- 

+  1 

B0 

Radian 

Range  Pot 

2.4414063B-2 

- 

0  to  2500 

B-12 

Meters 

Line-of-Sight  Gyros  S 

1.0 

- 

+  1 

B0 

Radians 

1 

1.0 

- 

+  1 

B0 

Radians 

m 

1.0 

- 

+  1 

B0 

Radians 

Hand  Control  1,  m 

A  =  0.07  B0 

_ _ 

+  1 

B0 

Radian 

(See  Equation  4.2) 

B  =  3.5714B-3 

— 

C  =  0.5  B0 

- 

LASER 

Range 

.6263B0 

- 

0  to  5120 

B-12 

Meters 

IMU  Gyros  X 

.54944B0 

- 

B-6 

Radians 

Y 

•54978B0 

- 

B-6 

Radians 

Z 

.54930B0 

_ 

B-6 

Radians 
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HAND  CONTROL  FILTER  (OMEGA) 


This  subroutine  is  called  in  Action  mode.  The  subroutine  filters  the  gunner’s  hand  control 
commands  according  to  Section  4.5.2  of  Appendix  A. 

TWO  STAGE  GAIN  FOR  HAND  CONTROL 

The  two  stage  gain  for  hand  control  (Appendix  A.  Figure  A- 1 )  is  computed  in  a  subroutine 
called  DGAIN. 

OUTPUT  ROUTINES 

OUTPUT 

This  subroutine  is  called  in  the  Action  mode.  The  function  of  this  routine  is  to  perform  a  0.8 
second  fade  in  and  ouputting  the  variables  as  outlined  in  Section  7. 12  of  the  software  specification 
(Appendix  A). 

OUT2 

This  subroutine  is  called  in  acquisition  mode.  The  routine  outputs  the  variables  according  to 
flow  chart  Figure  A-2. 

INTERRUPT  SERVICE  ROUTINE  (INTR) 

This  subroutine  performs  the  following  functions: 

—  Service  A  D  channels 
—  Service  gyros 
—  Service  real  time  interrupt 
—  Build  a  timer 

The  following  table  shows  the  codes  that  are  read  from  the  Input  Transfer  Register  and 
designate  the  type  of  interrupt: 

Interrupt 


Code 

Device 

1001 

A  D  convener 

1010 

Gyro  input 

1 100 

Interrupt  clock 

FLIGHT  RECORDER 

This  subroutine  stores  real  time  data  on  the  flight  recorder.  It  is  activated  by  the  executive 
when  the  tape  start  switch  is  turned  on  at  the  pilot’s  control  panel.  The  number  of  tape  starts  are 
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recorded  in  the  variable  TAPECNT.  Each  time  the  tape  start  switch  on  the  pilot’s  control  panel  is 
cycled  from  off  to  on  this  variable  increments  by  one.  It  is  ORED  into  packed  discretes  variable 
PDISC  and  is  stored  by  the  flight  recorder.  The  record  is  written  at  the  end  of  the  seventh  iteration. 
Table  5  shows  the  format. 


Table  5.  FLIGHT  RECORD  FORMAT 


DESCRIPTION 

NAME 

SCALE 

UNIT 

0  Index  Marker  ( 125252) 

INDEX 

_ 

_ 

1  Take  Count  &  Discretes 

PDISC 

— 

— 

2  Optical  Sight  U 

SCU 

BO 

Radians 

3  Optical  Sight  V 

SCV 

BO 

Radians 

4  Optical  Sight  W 

sew 

BO 

Radians 

5  Line-of-Sight  Rates  S 

ws 

BO 

Radians  sec 

6  Line-of-Sight  1 

WL 

BO 

Radians  sec 

7  Line-of-Sight  m 

WM 

BO 

Radians  sec 

8  Gunner’s  Hand  Control  Trav 

HT 

BO 

Radians 

9  Gunner’s  Hand  Control  Elev 

HE 

BO 

Radians 

10  Laser  Range  (scaled) 

RL 

B-12 

Meters 

1 1  Static  Pressure 

PS 

B-9 

Lbs  /  in2 

12  Ambient  Temperature 

TA 

B-9 

°K 

13  Range  Measured  &  Saved 

RM 

B-12 

Meters 

14  Rate-Aided  Track  (Elev) 

WEC 

BO 

Radians 

15  Rate-Aided  Track  (Trav) 

WTC 

BO 

Radians 

16  Lead  Angle  U 

BEEU 

BO 

Radians 

17  Lead  Angle  V 

BEEV 

BO 

Radians 

18  Lead  Angle  W 

BEEW 

BO 

Radians 

19  Turret  Rate  Feed  Forward  El 

RFFE 

BO 

Radians 

20  Turret  Rate  Feed  Forward  A i 

RFFA 

BO 

Radians 

21  Aircraft  Velocity  S 

vs 

B-8 

Meters  sec 

22  Aircraft  Velocity  l 

VL 

B-8 

Meters  sec 

23  Aircraft  Velocity  m 

VM 

B-8 

Meters  sec 

24  Aircraft  Vertical  Ref  S 

ZS 

B-10 

Radians 

25  Aircraft  Vertical  Ref  1 

ZL. 

B- 10 

Radians 

26  Aircraft  Vertical  Ref  m 

ZM 

B- 10 

Radians 

27  Range  Error 

ER 

B-7 

Meters 

28  Estimated  Range 

RES 

B-12 

Meters 

29  Target  Velocity  s 

VETS 

B-8 

Meters  sec 

30  Target  Accel  s 

AETS 

B-5 

Meters  sec2 

31  Traverse  Error 

ET 

B-7 

Radians 

32  Position  (Trav) 

DEL 

B-8 

Meters 

33  Target  Velocity  1 

VETL 

B-8 

Meters  sec 

34  Target  Accel  1 

AETL 

B-5 

Meters  sec-’ 

35  Elevation  Error 

EE 

B-7 

Radians 

36  Position  (Elev) 

DEM 

B-8 

Meters 
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Table  5.  FLIGHT  RECORD  FORMAT  -  Continued 


DESCRIPTION 

NAME 

SCALE 

UNIT 

37  Target  Velocity  m 

VETM 

B-8 

Meters  sec 

38  Target  Accel,  m 

AETM 

B-5 

Meters  sec2 

39  Time-of-Flight 

TF 

B-4 

Seconds 

40  Future  Range 

RF 

B- 12 

Meters 

41  Gravity  Drop 

GD 

B- 12 

Meters 

42  Iteration  Count  for  TF 

ITER 

— 

— 

43  Range  as  Read  from  Laser 

— 

— 

— 

44  Range  Gate 

RG 

B-12 

Meters 

45  Initial  Range 

Rl 

B- 12 

Meters 

46  Flag  for  Laser  Data 

LSRBIT 

— 

47  Sin  Elev. 

SE 

BO 

Radians 

48  — 

Sin  Pitch 

BO 

Radians 

49  — 

Cos  Pitch 

BO 

Radians 

MEMORY  LOADER 

The  General  Electric  memory  loader  (Table  6)  was  used  to  load  the  software  in  CDC  469 
memory. 

Table  6.  MEMORY  LOADER 

013500 

006001 

LIS 

1 

013501 

014177 

ENR 

I77B.10B 

013502 

104010 

LS 

1.I0B 

377B  =  Start  code 

013503 

004301 

INC 

MOB 

013504 

015507 

ENR 

I07B.I3B 

013505 

105413 

LS 

I.I3B 

2 1 7  B  =  Stop  code 

013506 

005701 

INC 

1.13 

013507 

014417 

ENR 

17B.I1B 

Mask  data 

OI35IO 

013400 

ENR 

0.7 

Set  up  for  pack 

013511 

015374 

ENR 

— 4. 12B 

013512 

142000 

OUT 

0.4 

Advance  1  frame 

013513 

000417 

SRJ 

READ.17B 

Get  a  frame 

013514 

013543 

013515 

004144 

SKEQ 

4.1 0B 

=  377B? 

013516 

010112 

ENP 

*-4 

No.  try  again 

013517 

000416 

SRJ 

PACK.16B 

013520 

013547 

013521 

040405 

LDR 

5.1 

Addr  in  Rl 

013522 

000416 

SRJ 

PACK.I6B 
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Table  6.  MEMORY  LOADER  —  Continued 


013523 

013547 

013524 

072400 

STR.X 

0.5 

Store  via  R1 

013525 

053000 

LDR.X 

0.6 

Read  to  verify 

013526 

002546 

SKEQ 

6.5 

R5  =  R6? 

013527 

010127 

ENP 

* 

Halt  -  bad  read 

013530 

000701 

INC 

1.1 

Bump  addr 

013531 

142000 

OUT 

0.4 

Advance  1  frame 

013532 

000417 

SRJ 

READ.  17B 

013533 

013543 

013534 

004104 

SKNE 

4.10B 

=  377B? 

013535 

010117 

ENP 

*-l6B 

Yes.  get  addr 

013536 

005504 

SKNE 

4.I3B 

No,  stop? 

013537 

010137 

ENP 

* 

Yes.  stop 

013540 

000416 

SRJ 

PACK+3, 16B 

No  =  217B 

013541 

013552 

013542 

010124 

ENP 

*-16B 

Get  data 

013543 

162004  READ 

INP 

4.4 

Read  1  frame 

013544 

002061 

PJP 

*+2.4 

013545 

010143 

ENP 

*-2 

013546 

000017 

RTN 

I7B 

013547 

142000  PACK 

OUT 

0.4 

Advance  1  frame 

013550 

000417 

SRJ 

READ.I7B 

013551 

013543 

013552 

002271 

AND 

I1B.4 

Mask  data 

013553 

103404 

ADD 

4.7 

Build  word 

013554 

005301 

INC 

1.12B 

013555 

005062 

PJP 

*+3.1 2B 

Exit.  R12  =  + 

013556 

003723 

LS 

4.7 

4  Bits 

013557 

010147 

ENP 

-I0B 

013560 

042407 

L  DR 

7.5 

Transfer 

013561 

013400 

ENR 

0.7 

Reinitialize 

013562 

015374 

ENR 

-4.12B 

013563 

000016 

RTN 

16B 

FIRE  CONTROL  SYSTEM 


FIRECTL  is  initiated  by  the  executive  when  the  action  switch  is  on  and  the  system  mode 
switch  on  the  pilot's  control  panel  is  in  the  laser  position.  A  detailed  flow  chart  of  the  subroutine  is 
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shown  in  Figure  39.  accompanied  by  Table  7  which  contains  a  description  of  the  variables  used  in 
the  flow  chart.  The  functions  performed  by  the  routine  can  be  outlined  as  follows: 

1.  Input  processing 

2.  Range  coasting  logic 

3.  Target  state  estimator  initialization 

4.  Filters  subroutine 

—  Target  filters  and  target  extrapolation 
—  Time-of-flight  subroutine 
—  Gun  order  commands 

5.  Gun  error  logic 

A  discussion  of  each  of  these  topics  is  presented  in  the  following  paragraphs. 

Input  Processing 

The  ownship’s  velocity  vector  and  the  vertical  axis  direction  cosine  vector,  which  were 
computed  in  the  Aircraft  State  Estimator,  are  converted  to  the  s.  1,  m  axes.  The  resultant  vectors  are 
used  in  the  calculation  of  the  fire  control  equations.  For  details  of  the  transformation  matrix,  refer 
to  Section  7. 1  of  Appendix  A. 

Range  Coasting  Logic 

This  logic  tests  the  new  laser  variable,  LSRB1T.  which  signifies  whether  we  have  received  anew 
range  measurement  from  the  laser.  The  result  of  the  test  determines  which  logic  path  through  the 
routine  is  to  be  taken.  If  no  new  data  has  been  read,  the  code  performs  range  coasting.  The  laser 
operates  at  10  hertz  and  the  software  is  executed  at  30  hertz,  therefore,  old  data  is  read  two  out  of 
every  three  iterations.  Range  coasting  was  designed  to  provide  for  a  smoother  transition  between 
the  laser  range  readings.  It  accomplishes  this  by  adding  to  the  last  measured  range  delta  time 
multiplied  by  the  estimated  range  rate. 

Two  additional  tests  are  included  which  cause  the  filter  initialization  routine.  FIRINIT.  to  be 
called  when  the  time  lapse  between  new  laser  readings  has  exceeded  the  specified  values. 


Target  State  Estimator  Initialization 

This  is  the  subroutine  INIT73,  which  is  called  by  FIRECTL  after  two  valid  range 
measurements  have  been  received  from  the  laser.  It  is  not  called  again  until  FIRINIT  is  executed. 
INIT73  initializes  the  position,  velocity,  acceleration  and  residual  variables  that  are  used  in  the 
three  filters  of  the  target  state  estimator. 
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Table  7.  FIRE  CONTROL  SYSTEM  VARIABLE  DESCRIPTIONS 


VARIABLE 


DESCRIPTION 


VSLM 

ZSLM 

LSRBIT 

FLGI 

FLG2 

TIM 

TLM 

T 

R 1 

RL 

RM 

RS 

I  FT ACT 
WEC 
WTC 
RSP 

VTslm  P 

ATslmP 

T 

^RTE 

Rs 

Pirn 

YTslm 

ATslm 

TF 

RF 

GD 

^slm 

^uvw 

C  X  A 

SX  A 

^uvw 

SEG 

CEG 

RFFa 

RFFC 


Ownship's  velocity  vector 

Vertical  axis  direction  cosine  vector 

New  laser  data  flag 

First  laser  reading  flag 

Second  laser  reading  flag 

Time  of  the  first  laser  reading 

Time  of  last  pass  through  fire  control  equations  with  new  laser  reading 
Counter  for  30  hertz  timing 
Storage  variable  for  first  laser  range 
Laser  range 

Measured  laser  range  for  use  in  fire  control  equations 
Estimated  range  rate 

Flag  for  first  pass  through  fire  control  equations 
Rate-aided  track  in  elevation 
Rate-aided  track  in  traverse 
Predicted  range  from  FILTRS 
Predicted  position  of  the  target  in  1.  m  axes 
Predicted  velocity  of  the  target  in  s.  1.  m  axes 
Predicted  acceleration  of  the  target  in  s.  I.  m  axes 
Counter  for  output  fade  in  logic 

Residual  from  FILTRS  in  range,  traverse  and  elevation 

Estimated  range  computed  in  FILTRS 

Estimated  position  of  the  target  in  1.  m  axes 

Estimated  velocity  of  the  target  in  s.  1.  m  axes 

Estimated  acceleration  of  the  target  in  s.  1.  m  axes 

Time-of-flight 

Future  range 

Gravity  drop 

Gun  position  vector 

Turret  lead  angle  vector 

Cosine  azimuth  lead  angle  trig  function 

Sine  azimuth  lead  angle  trig  function 

Turret  direction  cosine  command  vector 

Sine  elevation  of  the  gun 

Cosine  elevation  of  the  gun 

Rate  feed  forward  in  azimuth 

Rate  feed  forward  in  elevation 


Filters  Subroutine 


The  filters  subroutine,  FILTRS,  contains  the  calculation  of  the  fire  control  equations  as  given 
in  the  software  specifications.  Sections  7.4  through  7.8  of  Appendix  A.  The  time-of-flight 
prediction  loop  is  executed  in  FILTRS  by  a  subroutine  jump  to  TFLT  and  computation  of  the  gun 
order  commands  is  done  following  the  return  from  TFLT.  Descriptions  of  these  functions 
performed  by  FILTRS  are  presented  below: 


a)  Target  filters  and  target  state  extrapolation: 

The  calculations  of  the  three  target  filters  range,  traverse  and  elevation  are  performed.  In 
each  filter,  the  residual  is  computed  followed  by  a  calculation  of  the  estimated  position, 
velocity  and  acceleration  in  the  corresponding  axes.  The  target  state  extrapolation  of  the 
range,  traverse  and  elevation  is  executed  in  which  the  predicted  variables  are  computed  and 
stored.  The  two  components  of  rate-aided  track.  WEC  and  WTC.  are  found  using  values 
calculated  in  the  above  filters. 


b)  Time-of-flight  subroutine: 

The  logic  flow  of  this  routine  is  demonstrated  by  the  flow  chart  given  in  Figure  A-6.  Air 
density  is  computed  based  on  the  static  pressure  and  ambient  temperature.  A  prediction 
loop  follows  in  which  the  time-of-flight  and  future  range  vector  are  calculated.  The  loop  is 
repeated  until  time-of-flight  converges  or  until  a  maximum  of  five  iterations  have  been 
executed.  When  either  of  these  two  conditions  is  reached,  the  final  time-of-flight  and  future 
range  are  stored  as  TF  and  RF.  respectively,  and  the  subroutine  returns  to  FILTRS. 


c)  Gun  order  commands: 

This  section  of  FILTRS  performs  the  gravity  drop  correction  and  computes  turret  lead 
angles  and  rate  feed  forwards  as  specified  in  Section  7. 10  and  7. 1 1  of  Appendix  A.  Gravity 
drop  is  computed  from  TF  and  RF  and  is  then  used  to  update  future  range.  The  calculation 
of  the  gun  position  vector  follows  in  which  an  iterative  loop.  GUN-LOOP,  is  executed  four 
times.  The  turret  lead  angle  is  then  found  by  performing  a  transformation  of  axes  on  the 
position  vector  from  the  s,  1.  m  axes  to  the  u.  v.  w.  The  gun  turret  rate  feed  forwards.  RFFA 
and  RFFE.  are  the  final  calculations  performed  by  the  fire  control  equations.  These  values 
are  stored  and  FILTRS  subroutine  returns  to  F1RECTL. 


Gun  Error  Logic 

The  software  control  of  the  fire  inhibit  light  is  accomplished  through  the  gun  error  logic  shown 
by  LOOP6  in  the  Fire  Control  System  of  Figure  39.  When  the  following  three  conditions  are 
satisfied,  the  inhibit  fire  light  is  turned  off: 

1.  Future  range.  RF,  is  less  than  1999. 

2.  The  time  lapse  between  the  First  laser  reading  after  action  is  cycled  on  and  the  present 
reading  is  greater  than  three  seconds. 

3.  There  is  no  gun  error  signal,  which  indicates  that  the  turret  is  synchronized. 

FIRE  CONTROL  CONSTANTS  AND  VARIABLES 

The  constants  and  variables  used  in  the  calculations  of  the  Fire  control  equations  are  located  at 
addresses  003452  through  003700  of  the  memory  map.  Indexed  addressing  is  the  method  used  for 
referencing  the  desired  memory  locations.  The  constants  are  indexed  from  ADDRCNST,  the 
address  of  which  lies  in  Page  Zero,  and  the  variables  are  indexed  from  either  ADDRCNST  or 
ADDR  WORK,  whose  address  also  lies  in  page  Zero.  A  description  of  the  constants  and  variables, 
along  with  the  dynamic  scale  factor  associated  with  each  variable  and  its  memory  address,  is 
presented  in  Table  8. 
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ZM  Zm  M  component  of  ownship’j  vertical  vector  B-10  003551 

VTSP  Vtsp  Predicted  target  velocity  in  J  direction  B-8  003552 

VTMP  Vjmp  Predicted  target  velocity  in  elevation  B-8  003553 
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Table  8.  EIRE  CONTROL  CONSTANTS  AND  VARIABLES  Continued 
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APPENDIX  A 


AIR-TO-AIR  FIRE  CONTROL 
SOFTWARE  SPECIFICATION 


CONTRACT  D A AK1 0-79-C-0028 


1.0  Scope 


This  specif ication  covers  the  requirements  for  the  changes  to  the  Closed 
Loop  Fire  Control  System  (CLFCS)  software  which  are  required  by  Contract  number 
DAAK10-79-C-0028,  "Air  to  Air  Helicopter  Fire  Control  Equations  and  Software 
Generation". 

The  resulting  software  must  run  on  a  CDC469  computer.  It  shall  compute 
the  quantities  needed  to  output  the  proper  gun  turret  lead  angles  and  rate  feed 
foward  signals,  as  well  as  rate  aided  track  signals  to  the  tracking  sight. 

2.0  Inputs 

The  following  signals  shall  be  added  as  inputs  to  the  CDC  469  computer, 
in  addition  to  those  already  u9ed  for  the  CLFCS  program. 

2.1  Optical  Sight  Direction  Cosine  Vector  Rev.  4/4/79  Rev.  10/12/79 

Three  electrical  components  of  the  gunner's  sightline  vector  are  pro¬ 
vided.  These  are  400  Hz  analog  voltages  with  the  following  gradients: 

Sy  -  10  Cos  Eg  cos  Ag  Rms,  volts 

Sy  *  -10  Cos  Eg  Sin  Ag  Rms,  volts  (Azimuth  Positive  Right) 

Sw  ■  -10  Sin  Eg  Rms,  volts  (Elevation  Positive  Down) 

where  Eg  and  Ag  are  the  sight  elevation  and  azimuth  angles  respectively. 

2.2  Line  of  Sight  Rates  -  “g*  “jj 

Rev.  4/23/79 

The  traverse  and  elevation  gyros  and  must  be  inverted  in  sign 
before  use  in  the  following  equations. 


2.3  Gunner's  Hand  Station  Inputs  -  h^, 


Rev.  4/23/79  Rev.  10/12/79 


The  traverse  command,  h^,  must  be  inverted  in  sign.  In  addition,  a  two 
stage  gain  must  be  provided  for  each  axis  as  shown  in  Figure  A-l. 

2.4  Laser  Range  Measurement  -  R^ 

2.5  Laser  New  Data  Flag 

2.6  Test/Normal  Switch 

2.7  Test  1/Test  2  Switch 

2.8  Target  Insert  Flag  -  TI  Rev.  4/4/79 

2.9  Pilot  Input  Range  -  Rp  Rev.  4/4/79 

2.10  Laser/Manual  Switch  Rev.  4/23/79 

3.0  Outputs  Rev.  6/7/79 

The  following  outputs  shall  be  provided  by  the  modified  software.  All 
except  the  Not  Ready  Light  and  Laser  Range  Gate  shall  be  zeroed  in  subroutine 
Initialization  1  which  is  shown  in  Figures  A-2  and  A-4. 

3.1  Not  Ready  Light 

This  red  light  in  the  sight  is  lit  according  to  the  logic  specified 
in  Section  7. 

3.2  Rate  Aided  Track  -  “jg 


These  commands  are  computed  according  to  the  equations  in  Section  7.8  and 

7.12. 

3.3  Gun  Turret  Lead  Angle  -  b  ,  b  ,  b 

°  u’  v  w 

These  commands  are  computed  according  to  the  equations  in  Section  7.10.2 
and  7.12. 

3.4  Gun  Turret  Rate  Feed  Forward  -  RFF_,  RFF. 

E  A 

These  commands  are  computed  according  to  the  equations  in  Section  7.11 
and  7.12. 

3.5  Laser  Range  Gate  -  R_  Rev.  4/4/79 

G 

This  signal  is  output  to  the  laser  ranger  as  described  in  the  "Modified 
CIU  Functional  Description",  and  in  the  "I/O  Specification  for  the  Modified 


X  -  3.5714 


Figure  A-l.  Hand  Control  Two  Stage  Gain 
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CIU  Hardware".  The  logic  is  specified  in  Figures  A-2  and  A-3  which  show 
that  the  range  gate  is  calculated  either  from  the  measured  range  R^,  or 
the  estimated  range,  Rg. 

4.0  Executive  Flow  Chart  Rev.  4/4/79 

Figure  A-3  is  a  top  level  flow  chart  which  depicts  the  interface  between 
the  existing  CLFCS  software  and  the  modifications  and  additions  which  are 
contained  in  this  specification.  It  is  based  on  the  executive  flow  chart 
from  "Closed  Loop  Fire  Control  System  Final  Report"  which  is  included  here 
as  Figure  A-4  for  comparison  purposes. 

4.5  Hand  Control  Filters  Added  10/12/79 

Control  of  the  sight  is  done  entirely  by  software  both  in  the  acquisition 

(non-action)  and  full  fire  control  with  rate  aided  track  (Action)  modes.  In 

all  cases  the  total  sight  rate  command  is  output  from  the  computer  on  the  rate 

aided  track  channels,  and  w  . 

EC  TC 

4.5.1  Nonaction  Mode 

In  this  mode  the  gunner's  hand  station  commands  h^  and  h^  are  filtered 
according  to  the  equations  in  Section  4.5.3.  (See  Figure  A-2).  The  filters  must 
be  initialized  with  the  values. 

“EC  "  hE 

“tc  ’  -V 

After  this  initialization  the  outputs  are  calculated  from  the  filter  out¬ 
puts  aa 

“ec  "  Se 
“tc  “  _hft  * 

4.5.2  Action  Mode 

The  gunner's  hand  station  commands  are  filtered  according  to  the  equations 
in  Section  4.5.3  as  shown  in  Figure  A-3.  No  filter  initialization  is  done  in 


A-4 


Figure  A~3.  Modified  CLFCS  Executive  Flow  Chart 
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Figure  A-4.  Original  CLFCS  Executive  Flow  Chart 


this  mode.  The  filter  outputs  are  calculated  as 


“ech  “  n^E 
“tch  "  _hft 

and  used  in  the  fade  in  and  output  logic  as  specified  in  Section  7.12. 

4.5.3  Filter  Equations 

^EMPE  “  KlHhE  +  K2H  HTEMPE 

^FE  "  K4HhE  +  K3H  HTEMPE 

^EMPT  "  K1H  hT  +  K2H  ^EMPT 

HfT  “  K4H  hT  +  K3H  ^EMPT 
where 

K1H  -  .0056347 
K2H  -  .99437 
K3h  -  .82653 
K4r  -  .17347 

5.0  Interface  With  Other  Programs 

The  following  variables  are  calculated  by  the  existing  "Aircraft  Esti¬ 
mator"  subroutine  and  shall  be  made  available  for  use  in  the  Fire  Control 
Equations  specified  in  Section  6.0. 

5.1  Own  Ship's  Velocity  Vector 

The  three  components  of  estimated  own  ship's  velocity  are  calculated 
as  aircraft  state  vector  components  X^,  Xg,  and  Xg.  These  values  are  known 

A  A  A 

as  V  ,  Vv,  and  V^  respectively.  They  have  units  of  feet  per  second. 

5.2  Vertical  Axis  Direction  Cosine  Vector 

The  three  components  of  the  estimated  vertical  vector  are  calculated  as 
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These  values  are  known 


aircraft  state  vector  components  X10*  Xll»  and  X^2* 
as  Zu,  Zv,  and  Z^.  They  have  units  of  milliradians. 

The  following  Inputs  are  read  by  the  existing  "Aircraft  State  Estimator" 
subroutine  and  must  be  passed  to  the  Air  Data  Calculations  specified  in  Section 
7.9.1 


5.3  Static  Pressure  -  Pg 

5.4  Ambient  Temperature  - 

6.0  Fire  Control  Initialization  Rev.  4/23/79  Rev.  10/12/79 

This  logic  is  performed  the  first  pass  after  the  action  switch  is 
closed,  as  indicated  in  Figure  A-3.  It  includes  all  of  the  code  already  there, 
with  the  sole  deletion  of  the  reading  of  the  range  pot  and  using  it  to  initial¬ 
ize  the  range  estimate.  In  addition,  the  following  computations  shall  be 
performed. 


T 

IM 

” 

0 

kit 

-  0.5 

Vg  -  1045 

T  - 

0 

BV  *  VB 

t  - 

0 

K2T 

-  1-K. , 

IT 

G  -  -9.806 

FLG1 

- 

0 

«  0.1 

Cs  -  0.75 

FLG2 

- 

0 

*7* 

-  0.15 

Ax  -  0.4175  x  10~3 

a  ■ 

0 

3 

KA£ 

-  0.15 

A2  -  0.1811  x  10-6 

8  - 

1 

-  a 

kie 

■  0.5 

e  -  0.0015 

Klk 

m 

0.5 

K2E 

-  kie 

A3  -  21.3352 

K2R 

m 

1  *  kir 

*  0.1 

A4  -  -0.0221268 

^S 

m 

0.1 

-  0.15 

Kg  -  3.0 

^s 

m 

0.15 

kam 

-  0.15 

IFTACT  -  0 

kas 

m 

0.15 

b  - 

0.1 

WSCL  ‘  1*° 

bs 

m 

1 

0 

bM  ‘  ° 

“ec 

m 

0 

“tc 

-  0 
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7.0  Fire  Control  Equations 


Rev.  4/4/79 


The  logic  and  equations  in  this  section  should  be  implemented  in  the  same 
order  as  written.  These  equations  correspond  to  the  block  in  Figure  A-3  labeled 
"Call  Fire  Control". 

The  equations  are  written  here  in  an  engineering  form  designed  to  reveal 
the  functional  flow  of  Information.  However  this  is  not  necessarily  the  most 
computationally  efficient.  A  reasonable  amount  of  effort  should  be  expended 
to  optimize  the  time  efficiency  of  the  computations. 

In  addition,  the  scaling  of  each  variable  must  be  kept  in  mind  as 
each  line  of  code  is  written  in  order  to  maintain  a  high  level  of  computa¬ 
tional  precision.  It  may  be  helpful  in  this  regard  to  perform  a  units  scaling 
so  that  the  absolute  values  of  the  variables  fall  more  closely  in  the  same  order 
of  magnitude.  For  instance,  distances  in  kilometers  and  angles  and  unit  vectors 
in  milliradlans  would  be  a  logical  choice. 

7.1  Input  Processing 

7.1.1  Normalize  Sight  Direction  Cosine  Vector  and  Invert  Elevation  &  Azimuth 

Rev.  10/12/79 

(su2  +  sv2  +  sw2)iS 

fu 

“v 

-sv 

—  (Azimuth  Positive  Left) 

*V 

-s 


W  (Elevation  Positive  Up) 


7.1.2  Compute  Sine  and  Cosine  of  Sight  Angles 


(Elevation  Positive  Up) 
(Sy2  +  sv2)Ji 


7.1.3  Coordinate  Transform  Matrix  -  uvw  to  slm 


T 

T 

T 

T 

T 

T 

T 

T 


11 

12 

13 

21 

22 

31 

32 

33 


C 

S 


A 

A 


C 


E 


7.1.4  Convert  Own  Ship’s  Velocity  and  Vertical  to  slm 


M 


0.3049  (Tu  Vu  +  I12  Vv  +  T13  Vy> 
0.3048  (T21  Vy  +  T22  Vv) 

0.3048  (T31  Vy  +  T32  Vv+  T33  Vw) 


Z"  "  T11  Zu  +  T12  Zv  +  T13  ha 


hi 


21 


hj  +  T22  ZV 


T31  hi  +  T32  zv  +  T33  hi 


Rev.  10/12/79 


Rev.  10/12/79 
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7.2  Range  Coasting  Rev.  10/12/79 

The  Range  Coasting  Logic  provides  the  following  functions: 

A.  Target  State  Estimator  Initialization  after  two  valid  range 
measurements  have  been  made. 

B.  Extrapolation  of  the  10  Hertz  Laser  range  data  to  30  Hertz  - 
the  data  rate  of  the  Fire  Control  calculations. 

C.  Extend  the  extrapolation  up  to  9.0  seconds  to  "coast"  through 
periods  of  missing  laser  range  data. 

This  logic  should  be  Implemented  according  to  the  flowchart  in  Figure  A-5. 


7.3  Target  State  Estimator  Initialization  Rev.  6/7/79 

These  computations  Initialize  the  Target  State  Estimator  which  consists 
of  the  Range,  Traverse,  and  Elevation  Filters  as  specified  in  Sections  7.4, 
7.5  and  7.6.  This  initialization  is  performed  after  two  laser  range  measure¬ 
ments  have  been  obtained  within  a  1.1  second  interval,  as  specified  in 
Figure  A-5. 


RSP 

- 

y 

-  "“’“I  +V 

TSP 

S 

v 

TMP 

"  “i  ^  +  VM 

V 

TIP 

“m  hi  +  vi 

T 

-  0 

^SP 

DS,P 

-  0 

^IP 

°MP 

-  0 

ATMP 

0 

0 

0 
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7.4  Target  Range  Filter 


7.4.1  Range  Residual  and  Noise  Filter 


“  "  RSP 


K1R  CR  +  K2R  £R 


7.4.2  Range  Estimation 

RS  *  RSP  +  Ss  £R  +  30  ^  VTSP  "VS  _“i,  DMP  +  “m  D£P^ 

VTS  *  VTSP  +  *VS  £R+  30  [  SsP  “  “i  VTMP  +  “m  VT£P^ 

■  ^SP  +  KAS  £R  +  30  ^  ~b  ^SP  “  “l  ATMP  +  “m  ^iP^ 


7.5  Target  Traverse  Filter 


7.5.1  Traverse  Residual  and  Noise  Filter  Rev.  4/4/79 

1  hT  “ 

eT  kT  RS  "  °£P 

b 

£T  “  K1T  £T  +  K2T  eT 

7.5.2  Traverse  Estimation 

D£  ’  D£P  +  Si  £T  +  30  [  VT£P  V£  ”  “M  RSP  +  WS  °MP^ 

VT£  =  VT£P  +  Si  £T  +  30  ^  ^JIP  “  WM  VTSP  +  “s  VTMP^ 

AT£  =  AT£P  +  KA£  £T  +  30  ^  “  b  ^JIP  “  “M  ^TSP  +  “s  ATMP^ 


7 .6  Target  Elevation  Filter 

7.6.1  Elevation  Residual  and  Noise  Filter 
1  bE  ' 

£e  -  k!  rs  -  dmp 


K1E  CE  +  K2E  £E 


Rev.  4/4/79 
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7.6.2  Elevation  Estimation 


DM  "  °MP  +  *PM  £E  +  30  [  VTMP  "  VM  "  WS  D«.P  +  Ul  RSP 1 


TM 


V  + 
TMP 


eE  +  30 


[  ATMP  "  “s  VTiP  +  “t  VTSP] 


*tm  “  atmp  +  kam  ce  +  30  [  ~b  atmp  “  ws  ^iP  +  “e  ^sp^ 


7.7  Target  State  Extrapolation 


7.7.1  Range  Extrapolation 


Rev.  4/4/79 


PS 


30  ^  VTS  VS  “  °M  +  “*M 


RSP  "  RS  +  6  DPS 


-  V. 


TSP  'TS  +  30  ^  Ss  ”  “a  VTM  +  VT£^ 


TSP  "  'Srs  +  30  [  ■  b  *TS  ■  “(  Sm  +  “m  ^Tl1 

*S  •  30  1  "pS  CR  +  DPS> 

7.7.2  Traverse  Extrapolation 

DHP  "  Da  +  30  *  VT£  **  v2  ~  “m  Rs  +  “s  DMJ 


-  V_.  + 


6 


'TUP  *Ti  '30  *  *11  ~  “m  VTS  +  US  VTM] 
^HP  ’  N-H  +  30  ^  “b  ~  “M  +  WS 


Rev.  6/7/79 


7.7.3  Elevation  Extrapolation 


DM  +  l!  '  "m  ‘  V«  '  “s  +  “*  *S  1 
VTM  +  30  ^  ^TM  -  WS  VTl  +  w£  VTS  ^ 

A  g  A  A  A 

ATMP  "  *TM  +  30  ^  _b  *TM  '  “s  *?l  +  “* 


MP 


TMP 


Rev.  6/7/79 


7.8  Rate  Aided  Track  Computation 


“EC  "  WSCL 


V  -  V 
TM  M 


Rev.  4/23/79 
Rev.  10/12/79 


+  hg  (Elevation  Positive  Up) 


“TC  “  WSCL 


1 

~VU  +  Vl\  .  (Positive  Right) 

~T~\  T 
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7.9  Time  of  Flight  Prediction  Loop 

The  time  of  flight  and  future  range  prediction  are  done  according  to 
the  logic  in  Figure  A-6  and  the  equations  below. 

7.9.1  Air  Density  Calculation 

P  /  -  19.605  PS 

po  ~ 

A 


7.9.2  Time  of  Flight 


(bs  VB  +  V 

(b  V  +  V  ) 2  +  h  G  R_ 
8  B  s  2000  ^ 


AIF  ■  TV  <  k  >  (A1  "f  +  *2  V’ 
TF  '  TF0  +  CS  (TV  +  iTF  -  TF0> 


Rev.  A/23/79 
Rev.  6/7/79 


7.9.3  Future  Range  Vector 

^ST  RS  +  VTS  TF 
RF£T  +  VT£  TF 

RFMT  ”  °M  +  VTM  TF 
^  “  <RFST  +  ^FJIT  +  RFMT  *  ** 


7.10  Gun  Order  Commands 


7.10.1  Gravity  Drop  Correction 


GD  “  A3  TF  +  AA  RF 


Rev.  6/7/79 


^FS  "  ^ST  + 


GD  ZS 


Rpj,  "  rfit  +  —2 _ - 

*  *  1  1000 

rfm  "  rfmt  + 

1000 

h  ■  (rfs2  +  “f.2  +  rf«2>  * 


Rev.  6/7/79 
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7.10.2  Gun  Turret  Lead  Angle  Calculation  Rev.  4/23/79 

7.10.2.1  Gun  Position  Vector  (sim) 

Perform  the  following  computations  four  (4)  times,  from  top  to  bottom. 


“v  -  «VB  bs  +  Vs)2+(Vb  b,  +  Vt)2+<TB  b„  +  yV5 

7.10.2.2  Turret  Lead  Angle  Rev.  10/12/79 

After  the  four  iterations  of  section  7.10.2.1  have  been  performed, 
compute  the  lead  angle  vector. 

by  *  ~^T11  +  T2^  b^  +  T^  bM>  (Positive  Back) 

bV  ”  T12  +  T22  b£  +  T32  bM  (Positive  Left) 

bW  “  T13  (bs-1^  +  ^33  bM  (Elevation  Positive  Up) 
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7.11  Gun  Turret  Rate  Feed  Forward  Calculation 


7.11.1  Azimuth  Lead  Angle  Trig  Functions 

c  bs 

u  (ts2  +  b(2)'1 

s  _ 

U  <bs2  +  bt2)li 

7.11.2  Turret  Elevation  Trig  Functions  Rev.  10/12/79 


T 

U 

m 

su  ' 

by  (Positive  Forward) 

T 

V 

m 

sv  + 

bv  (Positive  Left) 

T 

W 

m 

sw  + 

bw  (Elevation  Positive  Up) 

T 

m 

(T  2 
UU 

+  Tv2  +  Tw2)  Is 

Tu 

Tu 

rp 

Tv 

Tv 

T* 

T 

_H 

TVI 

T 

M 

SEG 

m 

Tw 

CEG 

- 

(Tu: 

2  +  Tv2)5s 

7.11.3  Rate  Feed  Forward 

1 


Rev.  4/23/79 
Rev.  6/7/79 


RFF. 


'EG 


US  (CXA  SEG  CE  "  SE  CEG^ 


"  (a,n  +  * 


rfmt 


%  - 


*TIT  K 
RS  ^ST 


S  ^FST 


^  SXA  SEG 


>  (CXA  SEG  SE  +  CEG  CE)J  (PositiVe  ***«) 
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RFF_  - 


I  -“scEsu+  <"i  +  -irr-  >  CAA 


R„ 


^ST 


(“M  * 


^F£T  RS 


RS  ^ST 


>  SESJ 


(Positive  Dovm) 


7.12  Output  Fade  In  Logic  Rev.  6/7/79 

10/12/79 

This  logic  is  not  executed  directly  after  the  above  section  7.11,  but 
rather  after  the  range  gate  output.  See  Figures  A-3  and  A-5  for  further  clari 
fication. 
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Output  by,  by,  bw,  RFFa,  RFFe,  Uec>  Utc. 
7.13  Inhibit  Fire  Light  Logic 


This  logic  is  specified  in  Figure  A-5. 


8.0  MANUAL  RANGE  MODE  Added  4/4/79 

This  mode  Is  designed  as  a  simple  back  up  mode  in  case  Che  laser  ranger 
is  inoperative.  After  entering  this  mode  as  depicted  in  Figure  A-3,  the 
following  equations  should  be  executed. 


8.1  First  Time  Logic 

On  the  initial  pass  only,  perform  the  following. 
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bs  "  1  A2 

Turn  "Inhibit  Fire  Light"  On  A^ 

Ax  -  0.4175  x  10“3  A4 

G  -  -9.806  V„ 

8.2  Input  Processing 

Perform  all  calculations  in  Section  7.1. 

8.3  Air  Density  Calculation 


P /. 


0.1811  x  10 
21.3352 
-0.0221268 
1045 


-6 


19.605 


8.4  Time  of  Flight 


*P  (bs  VB  +  V 

(b  V  +  V  )2  +  Js_  GIL, 

3  8  5  2000  T 

F  “  TV  ^  ^A1  *7  +  A2  *P  ^ 


AT 


Tp  -  Tv  +  ATf 


8 . 5  Gravity  Drop 
:D 


■  A3  TF  +  A4  *4* 
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8.6  Future  Range 


®F  "  (RFS  +  *71  +  ' 

8.7  Lead  Angle  Calculation 

Perform  all  calculations  in  Section  7.10.2. 

8.8  Rate  Aided  Track 


r 


0 

0 


8.9  Turret  Rate  Feed  Forward 


RFFa  **  0 
A 

RFF_  -  0 

£* 


8.10  Inhibit  Fire  Light  Logic 

Turn  the  inhibit  fire  light  off  if  the  "Gun  Error"  Flag  t  1 


the  turret  is  synchronized. 


APPENDIX  B 


I/O  SPECIFICATION 
FOR  THE 

MODIFIED  CIU  HARDWARE 


1.0  Transfer  Functions 


1.1  Input  Transfer  Function  (A/D  Converter) 

±10  Volt  dc  Inputs  (max) 

input  code:  MSfi 

(-10V  +  1/2  LSB)  1000000000 
0  1111111111 
(+10V  -  3/2  LSB)  0111111111 
1  Lsb  =  5mV 

When  inputting  the  A/D  value  by  way  of  the  digital  input 
port,  the  12  bits  of  data  are  left  justified  in  the  16 
bit  field. 


LSB 

0  0  Rev  6/4 

1  1 
1  1 


1.2  Output  Transfer  Function  (D/A  Converters) 


AC/DC  scaling  output  code 


MSB 


(+VRef )  0  1 

(+VRef/2048)  0  0 

0  0  0 

(-VRef/2048)  1  1 

(-VRef  +  1  Lsb)  1  0 


LSB 

1111111111 

0000000001 

0000000000 

1111111111 

0000000000 
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Rev 

for  AC  outputs,  VRef  •  .3  radians  3/28 

for  DC  outputs,  VRef  ■  +10  Volts 


The  output  channel  code  is  appended  to  the  right 
of  the  12  Bit  output  value,  and  the  resultant 
16  bits  is  output  through  the  digital  output  port. 


2.0  Input/Output  Scale  Factors  (Analog) 

2.1  AC  input  scaling 

2.1.1  Sight  angles  £,  V,  W 

1  V.ue  -  .865  VDC  (fo  -  3.5  hz) 

Krlo 

The  sign  is  positive  when  signal 
is  in  phase  with  reference 
Typical  signal  maximum  is  10  VRMS 
or  8.65  VDC  to  the  A/D  converter 


2.1.2  Vertical  Reference  SinR,  CosR,  SinP,  CosP 


Mag  Demod  converts  to  DC 
10.0  VDC  Max 

Typical  scaling  "SlnR"  *  10  VDC  SinR 


Polarity 

Sin  P 

positive  up 

Cos  P 

positive  up 

Sin  R 

positive  right 

Cos  R 

positive  right 

2.2  DC  input  scaling 


2.2.1  Total  temp  T 

scale  factor  -  19#C/Volt 
Offset  0.0V  -  -40.0°C 

T(VDC)  "  (T"40^1/19) 


2.2.2  Static  Pressure  Pg 

Scale  factor  -1.0  PSI/Volt 
Offset  0.0V  -  6.0  PSI 
P(Vdc)  -  (P-6.0  PSI) 

2.2.3  Differential  Pressure  PSID  Scale  factor  .13  PSID/V 

Offset  0.0V  -  0.0  PSID 
PSID(VDC)  -  PSID/. 13 


2.2.4  Accelerometers  U,  V,  W  Plus  ahead 

U,  V,  W  -  +2.21  V/g  Plus  right 

Plus  down 


2.2.5  Esc.  Range  0  to  5000  m 

+1000  m/Volt 


Rev 

3/21 


2.2.6  Sight  Gyro  Rates  Roll 


<ws) 


m 


+9.95 

+9.95 

+9.95 


1.0  Rad/sec  right 
1.0  R/sec  u£ 

1.0  R/sec  right 


2.2.7  Reference  +10  VDC 

2.2.8  Ground  0.0  VDC 


2.2.9  Track  Stick  Commands  (Thumb  buttom  inputs) 

H  Azimuth  +10V  -  0.25  R/sec  Left 
m  -- — • 

H  Elevation  +10V  -  0.25  R/sec  down 

la 

2.3  DC  Output  scaling 

2.3.1  Az  turret  command  +10V  -  1.5  R/sec  right 


El  turret  command  +10V  -  1.5  R/sec  down 
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Rev  6/4 
Rev  6/4 
Rev  6/4 


Rev 

6/4 


2.3.2  Az  Sight  command  +10V  ■  1.0  R/sec  right 

El  Sight  command  +10V  ■  1.0  R/sec  up 


Rev 

4/2 


Rev 

4/2 


2.4  AC  output  scaling 

2.4.1  AU,  AV,  AW  +10  Volts  *  .298  radians  Rev 

6/4 


3.0  Laser  Interface 


3.1  Input  Signals  from  Laser 


•  Laser  Range 

•  Mew  Range  Data  Flag 

•  Target  Insert 


3.2  Output  to  Laser 


(Natural  Binary  Data  BO  to  B9) 

(1  -  New,  0  -  Old  BIO) 

(Discrete  if 7,  1  -  Laser  On,  0  ■  Off) 


•  Computer  Range 


(Natural  Binary  Data  BO  to  B9) 


3.3  Scale  Factor 


•  1  LSB  ■  5  meters 

•  5120m  >_  Range  >_  150m 

3.4  Operational  Considerations 


•  Target  Insert  indicates  an  attempt  to  lase.  If 

Target  Insert  drops  out  for  more  than  some  speci¬ 
fied  interval,  it  should  be  interpreted  as  a  new 
range  acquisition.  For  periods  less  than  this 
interval,  a  coast  mode  should  be  entered. 

•  New  Range  Data  Flag  is  the  only  way  one  can  detect 

valid  range  and  successful  lasing.  This  bit  must 
be  stripped  from  the  range  word  to  be  read. 

•  Range  gate  functions  involve  the  transition  from 

laser  acquisition  to  laser  track.  The  laser 
initially  acquires  targets  within  the  fixed  gate 
of  150  to  5120  meters.  If  a  target  is  detected, 
the  laser  immediately  switches  to  the  track  mode 
and  requires  a  range  gate  for  the  next  laser  pulse. 
The  tracking  gate  is  only  ±100  meters  and  must  be 
supplied  by  the  computer.  The  range  filter  value 
is  appropriate,  but  must  be  present  within  the 
time  for  the  next  laser  pulse.  (100  msec  spacing). 
The  laser  remains  in  this  track  mode  until  the  target 
insert  is  deleted  and  reapplied. 


•  Coast  Logic  should  be  provided  to  smooth  over  data 

missing  by  either  drop-out  or  to  extrapolate  between 
the  laser  returns  to  match  the  computer  cycle  time. 
As  the  computer  and  laser  are  asynchronous,  the 
laser  must  be  polled  for  range  data  each  cycle,  and 
if  not  present  due  to  drop  out  or  not  yet  ready, 
range  must  be  coasted. 


4.0  Digital  input/output  channel  assignment  * 

5.0  Analog  input  channel  assignment  * 

6.0  Analog  input  procedure  * 

7.0  Analog  output  channel  assignment  * 

8.0  Analog  output  procedure  * 

9.0  Discrete  input  assignment  * 

10 . 0  Discrete  input  procedure  * 

11.0  Laser  input  procedure  *  Modified  by  Rev  3/21  Sec  3.0 

12.0  Interrupt  assignment  * 

13.0  Cold  start/warm  start  procedure  * 

*  Refer  to  Modified  CIU  Functional  Description  Memo 
by  J.  Pintar,  E.  Fjerstad 
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COMPUTER  INTERFACE  UNIT 


This  document  provides  a  description  of  the  Computer  Interface  Unit 
(CIU)  as  modified  for  the  Air-to-Air  Fire  Control  System.  The  functional 
block  diagram  for  this  hardware  is  found  in  Figure  C-l.  The  Computer- 
Interface  Unit  (CIU)  provides  six  functions: 

1.  Translates  aircraft  system  information  into  a  digital  format  for 
use  in  the  general  purpose  digital  processor. 

*2.  Performs  necessary  computational  tasks  to  provide  lead  angles 
and  lead  angle  rates  corrections  to  the  aircraft  weapon  system. 

*3.  Performs  the  necessary  computations  to  provide  lead  angle  rates 
to  aid  the  gunner  in  tracking  a  target. 

*4.  Provides  the  laser  with  estimated  range  data. 

5.  Provides  a  discrete  to  the  sight/turret  subsystem  to  inhibit  the 
firing  of  the  weapon  at  times  when  the  processor  has  not  arrived 
at  a  valid  solution. 

6.  Provides  digital  data  to  be  recorded  on  a  flight  recorder  which 
will  aid  in  evaluating  the  performance  of  the  airborne  fire 
control  system. 

ANALOG  SIGNAL  CONDITIONING 

The  aircraft  sensors  provide  various  forms  of  analog  signals  which 
must  be  conditioned  and  converted  to  a  digital  format  to  be  compatible 
with  the  general  purpose  computer.  The  definition  of  the  analog  signal 
types  and  their  multiplexed  analog  to  digital  channel  assignments  are 
cited  in  Table  C-l.  For  the  following  description,  reference  may  be  made 
to  the  functional  block  diagram  in  Figure  C-l. 
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TABLE  C-l.  ANALOG  INPUTS 


CHANNEL  NO. 


SIGNAL  NAME 


SIGNAL  TYPE 


0 

1 

2 

3 

4 

5 

6 
7 

10 

11 

12 

13 

14 

15 

16 
17 

*20 

*21 

*22 

*23 

*24 

*25 


Acceleration  U 
Acceleration  V 
Acceleration  W 
Sin  Pitch 

Cos  Pitch 
Sin  Roll 

Cos  Roll 
Static  Pressure 
Ambient  Temperature 
Differential  Pressure 
Sight  U 
Sight  V 
Sight  W 
Range  Estimate 
10  VDC  Reference 
Analog  Ground 
Sight  Velocity  S 
Sight  Velocity  L 
Sight  Velocity  M 
Thumb  Button 
Thumb  Button 
Spare  3 


DC 

DC 

DC 

3-Wire  Synchro 


3-Wire  Synchro 

DC 

DC 

DC 

AC 

AC 

AC 

DC 

DC 

DC 

DC 

DC 

DC 

DC 

DC 

DC 
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The  vertical  reference  signals,  pitch  and  roll,  are  received  in  the 
CIU  in  3-wire  synchro  format.  These  signals  are  processed  by  a  2-channel 
synchro  to  direct  current  sine  cosine  converter,  and  the  resulting  four 
signals  are  thereafter  treated  as  DC  inputs.  This  converter  utilizes  a 
Scott-T  input,  thereby  offering  DC  isolation  in  its  interface  with  the 
vertical  reference. 

*  The  DC  signals  are  received  by  differential  amplifiers  utilizing 
active  filters  with  a  break  frequency  of  3  hertz  and  a  40  db/decade  at¬ 
tenuation.  The  break  frequency,  a  decade  below  the  A/D  sampling  rate  of 
30  hertz ,  was  chosen  to  minimize  measurement  errors  produced  by  the  alias¬ 
ing  of  signal  frequencies  equal  to  or  greater  than  one  half  the  sampling 
rate.  The  low  frequency  filters  for  the  three  accelerometer  signals  are 
resident  in  the  sensor  package  external  to  the  CIU;  within  the  CIU  dif¬ 
ferential  amplifiers  utilizing  passive  T-filters  with  a  500  hertz  break 
frequency  and  20  db/decade  slope  attenuate  line  noise  that  may  have  been 
introduced.  Range  estimate  is  generated  by  a  manually  set  potentiometer. 
Since  it  is  not  time-varying,  it  is  given  the  same  DC  conditioning  within 
the  CIU  as  the  accelerometer  signals.  The  sight  rates  are  conditioned  in 
the  same  manner  as  the  accelerometer  inputs.  The  three  AC  signals  from 
the  sighting  station  are  first  buffered  by  differential  amplifiers,  then 
converted  to  DC  through  a  phase  sensitive  demodulator.  The  signals  are 
then  conditioned  by  active  filters  similar  to  those  for  the  DC  inputs, 
attenuating  the  demodulator  ripple  by  130  db. 

A/D  CONVERSION 

*  The  twenty  analog  signals  in  buffered  DC  format  are  tied  to  the  in¬ 
puts  of  a  twenty-four  channel  multiplexer.  In  addition  an  internal  10 
volt  DC  reference  and  analog  ground  are  tied  to  two  multiplexer  channels 
for  test  purposes.  Any  of  the  twenty-two  signals  may  be  made  available  to 
the  sample  and  hold  amplifier  input  to  the  A/D  by  software  control.  The 
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appropriate  five  bit  code  representing  the  octal  multiplexer  channel 
number  is  output  from  the  digital  processor  (CDC  469)  on  output  data  lines 
bits  11  through  15,  and  Device  Code  16B  is  addressed.  The  sample  and  hold 
then  samples  the  desired  input,  and  makes  its  analog  value  constant  long 
enough  for  the  successive  approximation  A/D  converter  to  make  its  con¬ 
version.  The  converted  digital  value  is  then  clocked  into  a  set  of  tri¬ 
state  latches  to  be  made  available  to  the  CDC  469. 

DISCRETE  INPUTS 

At  the  beginning  of  each  computer  iteration  (1/30  second)  the 
Interrupt  Clock  sets  the  present  values  of  the  Discrete  Inputs  into  a  set 
of  tri-state  latches.  Since  the  discretes  are  at  various  levels  at  the 
input  to  the  CIU,  each  requires  a  lever  translator  prior  to  being  fed  to 
the  tri-state  latches.  The  CDC  469  packs  the  discretes  into  the  first 
eight  digits  of  a  computer  word.  The  assignment  of  the  bit  locations  for 
the  discrete  word  is  given  in  Table  C-2. 

ANGULAR  RATE  INPUTS 

Aircraft  angular  rates  are  presented  to  the  CIU  from  the  Inertial 
Measurement  Unit  (IMU).  The  IMU  utilizes  three  rate  integrating  gyros 
aligned  along  the  aircraft  body  axes.  Each  gyro  is  in  a  pulse  torquing 
loop  with  pulse  rate  a  measure  of  inertial  rates  and  pulse  count  a  measure 
of  angular  position.  The  net  clockwise/counterclockwise  pulse  count  is 
stored  in  a  counter.  Upon  request  from  the  CIU,  the  IMU  will  sample  all 
their  counters,  store  this  information  in  a  transfer  register,  reset  the 
counters  to  zero,  and  signal  the  CIU  that  the  data  is  available.  The  data 
available  signal  initiates  three  16-bit  data  word  transfers,  the  12  least 
significant  bits  of  each  being  tangible  gyro  data.  The  transfer  of  data 
from  the  IMU  to  CIU  is  made  in  serial  format  at  a  500  kHz  clock  rate. 

Once  the  first  word  is  received  at  the  CIU,  it  is  stored  in  a  random 
access  memory  (i.e.,  external  to  the  CDC  469)  and  the  second  transfer 
begins.  This  process  is  again  repeated  and  finally  the  data  is 
transferred  from  the  random  access  memory  to  the  CDC  469  in  three  input 
operations. 


r. 

i: 

i. 


i: 

i: 


BIT 

LOCATION 


SIGNAL 

NAME 


TABLE  C-2.  DISCRETE  INPUTS 

LOGIC 

INVERSION 


DESCRIPTION 


ACTION 


1  FIRE 


2  TEST  1/2 


3  TAPE  ON 


A  NORMAL/TEST 


5  GUN  ERROR 


Yes 


Yes 


Yes 


No 


TARGET  INSERT  Yes 


NOT  USED 


Indicates  that  gun  is  being 
commanded  to  follow  sight. 

Indicates  that  weapon  is  firing. 

Indicates  which  test  mode  is  being 
used. 

Indicates  that  flight  recorder  is 
in  motion.  CIU  hardware  delays 
discrete  by  2  sec.  to  allow  trans¬ 
port  to  achieve  regulated  speed 
prior  to  recording. 

Indicates  whether  computer  is  in 
normal  or  test  mode. 

Indicates  that  gain  is  not  servoed 
to  commanded  position  or  that  com¬ 
puter  has  not  arrived  at  valid 
solution  or  that  computer  is 
signaling  gunner  to  break  track. 

Indicates  that  laser  is  off  or  on. 
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CPC  469/COMPUTER  INTERFACE  UNIT  COMMUNICATION 


A  conventional  interrupt  system  with  the  CDC  469  initiating  all 
service  has  been  utilized  to  control  the  data  flow  between  the  general 
purpose  digital  processor  and  the  CIU  interface  circuitry. 

In  the  previous  sections,  it  was  simply  stated  that  data  was  trans¬ 
ferred  to  the  processor.  To  understand  the  mechanism  of  this  operation,  a 
discussion  of  the  first  iteration  following  a  power-on  situation  will 
follow. 

Once  power  is  applied  to  the  system,  a  master  clear  pulse  from  the 
CIU  forces  the  CDC  469  to  its  starting  address  where  a  short  power-on 
routine  initializes  the  processor  to  the  correct  program  location.  At  the 
same  time  a  power-on  reset  pulse  within  the  CIU  conditions  its  interface 
boards  to  the  start  condition.  The  CDC  469  has  two  preset  starting  ad¬ 
dresses.  Normally  the  processor  goes  to  the  cold  start  starting  address 
10400.  However,  at  power-up  a  timer  in  the  CIU  hardware  detects  whether 
the  power  had  been  interrupted  for  greater  or  less  than  2.5  seconds.  For 
an  interruption  of  less  than  2.5  seconds,  the  CIU  activates  the  alternate 
starting  address  line  to  the  CDC  469,  and  the  processor  is  forced  to 
location  11000. 

A  countdown  of  the  CIU  3  MHz  oscillator  is  now  underway,  and  1/30  of 
a  second  later  the  30  hertz  interrupt  clock  generates  an  interrupt  re¬ 
quest.  Upon  recognition  of  this  interrupt,  the  processor  begins  its  com¬ 
putational  tasks.  For  a  cold  start  situation,  the  first  software  task  is 
to  time  out  a  delay  of  150  iterations  of  the  30  hertz  interrupt  clock,  or 
5  seconds.  This  delay  allows  time  for  the  gyros  in  the  IMU  to  spin  up  to 
speed. 


All  interfacing  service  is  initiated  by  the  processor;  at  a  time  de¬ 
termined  by  the  processor  software,  a  request  for  1/0  data  is  made.  The 
interface  system  responds  to  this  request  by  initiating  one  of  several 
operations  depending  on  which  data  is  requested. 
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The  request  for  A/D  data  is  accomplished  by  selecting  the  A/D  device 
controller  which  is  assigned  DEVICE  SEL  16,  using  an  output  data  instruc¬ 
tion.  The  data  transferred  to  the  A/D  selects  the  desired  multiplexer 
channel  to  be  converted,  and  initiates  the  conversion  process.  Once  this 
output  Instruction  is  completed,  the  processor  is  free  to  return  to  com¬ 
putation.  The  conversion  of  one  piece  of  A/D  data  will  now  take  100  usee 
to  complete,  and  upon  completion  a  request  for  service  will  be  sent  to  the 
processor  using  a  level  one  interrupt,  and  the  interrupt  code  for  the  A/D 
converter,  listed  in  Table  C-3,  is  loaded  into  the  device  code  transfer 
register.  Upon  answering  the  Interrupt  request,  the  processor  reads  the 
transfer  register,  detects  which  driver  interrupted  it,  and  jumps  to  the 
service  routine  for  that  device,  which  in  this  case  is  the  A/D  converter. 
The  data  is  then  read  from  the  A/D  and  the  service  request  is  reset. 

After  completion  of  the  service  routine,  the  processor  will  return  to  its 
normal  computational  mode.  The  software  may  initiate  another  A/D  data 
request,  or,  if  the  16  word  A/D  data  buffer  is  satisfied,  gyro  data  from 
the  IMU  may  now  be  requested.  The  servicing  of  the  gyro's  is  similar  to 
that  of  the  A/D  with  the  exception  that  three  16-bit  words  will  now  be 
taken  sequentially. 

The  interface  system  was  designed  and  built  with  a  three  level 
priority  technique  which  complied  with  Control  Data  Corporation  docu¬ 
mentation.  The  system  would  handle  simultaneous  interrupt  requests  with 
the  following  order  of  hardwired  priority: 

1.  Interrupt  Clock 

2.  Gyro 

3.  A/D  Converter 

For  other  than  simultaneous  requests,  the  devices  are  serviced  on  a 
first  come,  first  serve  basis.  In  either  event,  overlapping  service  re¬ 
quests  are  stored  in  the  interface  logic  until  service  is  available.  How¬ 
ever,  contrary  to  CDC  documentation,  the  CDC  469  will  not  handle  any  ser¬ 
vice  request  if  there  is  another  interrupt  pending.  Therefore  it  is 
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imperative  that  the  software  be  designed  to  guarantee  that  each  interrupt 
be  serviced  before  another  is  initiated.  In  addition  to  the  A/D  and  gyro 
inputs  are  the  discrete  inputs.  Since  all  discrete  data  (Table  C-2)  is 
packed  into  one  16-bit  word,  it  need  not  operate  on  an  interrupt  basis. 
Shortly  after  the  interrupt  clock  is  serviced,  the  software  selects  the 
discrete  device  (channel  6)  and  reads  the  data  which  has  been  clocked  into 
a  storage  register. 

The  functional  block  diagram  of  Figure  C-l  shows  that  the  data  trans¬ 
ferred  to  the  processor  is  organized  on  a  common  bus  system.  Each  input 
device,  i.e.,  the  A/D,  laser,  gyros,  discretes,  and  transfer  register, 
places  its  data  on  this  bus  through  tri-state  quad  latches  which  only 
become  active  when  that  particular  device  is  selected.  The  CIU  utilizes 
twelve  of  the  possible  16-bits  of  the  input  data  bus,  with  the  remaining 
four  bits  forced  to  zero  by  means  of  open  circuit  logic  convention. 

TABLE  C-3.  INTERRUPT  REGISTER  CODE 

INTERRUPT  CODE 

INTERRUPT 


NUMBER 

DEVICE 

B9 

B9 

BIO 

Bll 

220 

A/D  Converter 

1 

0 

0 

1 

2  AO 

Gyro  Inputs 

1 

0 

1 

0 

300 

Interrupt  Clock 

1 

1 

0 

0 
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D/A  CONVERTERS 


The  D/A  converters  translate  the  digital  solutions  of  lead  angles  and 
rates  to  analog  signals  required  by  the  sight  and  turret.  Each  converter 
is  selected  by  device  code  10  per  (Table  C-4)  and  bits  12-15  of  the  output 
data  word  per  Table  C-5.  The  selected  converter  stores  the  output  data  in 
a  12  bit  holding  register  and  within  10  usee  converts  this  data  to  a 
scaled  amplitude  signal. 

RANGE  DATA 

The  laser  provides  the  CIU  with  range  data  used  in  performing  its 
computation  and  the  CIU  provides  the  laser  with  an  updated  range  gate  for 
the  next  laser  range  measurement  as  shown  in  Figure  C-2.  The  range  gate  is 
provided  by  the  CIU  to  the  laser  in  the  form  of  a  32-bit  word  accompanied 
by  a  160  kHz  clock  and  a  word  sync  pulse.  The  data  word  consisted  of  10- 
bits  of  range  data  (LSB  first)  followed  by  22  zeroes.  The  falling  edge  of 
the  clock  is  synchronized  with  each  data  bit.  The  word  sync  pulse  is  one 
data  bit  long  and  occurs  at  the  32-bit  time  of  the  data  word.  At  a  time 
controlled  by  the  software  updates  to  the  range  gate  are  made  by  selecting 
I/O  channel  11  and  transferring  the  new  estimated  range  data  into  a  hold¬ 
ing  register.  The  transfer  of  the  new  data  into  the  parallel  to  serial 
register  occurs  on  the  next  RWSP  pulse  following  the  update. 

When  the  laser  has  found  a  target  within  the  range  gate  window  the 
laser  provides  the  computer  with  measured  range  data  in  the  form  of  a  32- 
bit  digital  word  preceded  by  a  Range  Ready  Synchronized  to  Computer  Clock 
(RRSCC).  The  valid  range  data  is  contained  only  in  the  first  10-bits  (LSB 
first)  of  the  word,  with  the  remaining  22-bits  being  zeroes.  The  RRSCC  is 
delayed  one  word  time  by  the  CIU  to  provide  an  enable  for  clocking  the 
first  16-bits  of  the  range  data  into  a  holding  register.  The  ten  bits  of 
data  is  clocked  into  the  tri-state  latches  by  RWSP. 

One  additional  bit  of  information  is  provide  the  computer  to  indicate 
when  the  data  is  new  or  old.  This  latch  is  set  to  a  one  with  RRSCC  and 
reset  when  the  register  Is  polled. 


TABLE  C-4.  I/O  CHANNEL  CODE  ASSIGNMENTS 

CHANNEL  CODE 

CHANNEL 


NUMBER 

DEVICE 

CBO 

CB1 

CB2 

CB3 

0 

Video  Monitor 

0 

0 

0 

0 

I 

Programmer's  Console 

0 

0 

0 

1 

2 

Teletype  (Print) 

0 

0 

1 

0 

3 

Teletype  (Keyboard) 

0 

0 

1 

1 

4 

Memory  Loader 

0 

1 

0 

0 

5 

Gyro  Inputs 

0 

1 

0 

1 

6 

Discretes 

0 

1 

1 

0 

7 

Flight  Recorder 

0 

1 

1 

1 

10 

*D/A  Channels 

1 

0 

0 

0 

11 

♦Computer  Range  Data 

1 

0 

0 

1 

12 

♦Laser  Range  Data 

1 

0 

1 

0 

13 

Fire  Inhibit 

1 

0 

1 

1 

14 

Interrupt  Register 

1 

1 

0 

0 

15 

(Spare) 

1 

1 

0 

1 

16 

A/D  Converter 

1 

1 

1 

0 

17 

(Spare) 

1 

1 

1 

1 

TABLE  C-5.  D/A  CHANNEL 

ASSIGNMENTS 

CHANNEL  NO. 

B12 

B13 

B14 

B15 

TYPE 

0  GUN  POSITION  U  0 

0 

0 

0 

AC 

1  GUN  POSITION  V  0 

0 

0 

1 

AC 

2  GUN  POSITION  W  0 

0 

1 

0 

AC 

3  SIGHT 

R.F.F.  EL.  0 

0 

1 

1 

DC 

4  SIGHT 

R.F.F.  AZ.  0 

1 

0 

0 

DC 

5  GUN  R. 

F.F.  EL.  0 

1 

0 

i 

DC 

6  GUN  R. 

F.F.  AZ.  0 

1 

1 

0 

DC 

7  NOT  USED  0 

1 

1 

1 

— 
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Figure  C-2.  Laser  Interface  Block  Diagram 


The  laser  data  Is  provided  to  the  CIU  In  a  manner  that  Is  asyn¬ 
chronous  with  the  1/30  sec  timer.  To  avoid  possible  Interrupt  conflicts 
the  laser  data  Is  retained  In  the  register  and  the  register  Is  polled 
every  1/30  sec  by  the  software  by  selecting  I/O  channel  12. 
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FLIGHT  RECORDER 


The  CIU  has  a  subfunction  of  data  logging  such  that  a  selected  set  of 
parameters  may  be  recorded  in  flight  for  use  in  the  system  evaluation 
and/or  troubleshooting.  The  selected  data  is  transferred  from  the 
processor  to  first  in  -  first  out  (FIFO)  memories.  The  transfer  from  the 
FIFO's  in  the  CIU  to  the  government  furnished  flight  recorder  is  set  at  a 
bit  rate  of  about  4  kHz,  or  4  msec  per  16-bit  word.  Weighing  this  rate 
against  the  30  Hz  processor  iteration  rate  and  the  available  software 
space,  a  limited  flexibility  in  recording  mode  relating  recording  rate  to 
number  of  variables  recorded  was  established.  In  software  controlled  Mode 
0,  seven  parameters  from  one  iteration  are  stored  in  a  software  buffer, 
followed  by  the  same  seven  parameters  for  the  next  iteration.  After  the 
seventh  iteration,  the  7  x  7  or  49  words  plus  an  index  code  word  (record 
marker)  are  transferred  to  the  FIFO's  at  a  rate  of  about  2.5  usee  per 
word,  or  125  usee  total.  The  FIFO  then  shifts  out  data  serially  to  the 
recorder  taking  about  6  processor  iterations  to  complete  the  50  word 
record.  A  clock  gap  then  appears  on  the  data  line  indicating  the  end  of 
the  record,  then  at  the  beginning  of  the  8th  iteration,  when  the  FIFO's 
are  loaded  with  another  50  words,  another  shift  out  occurs.  Mode  0  is 
assumed  in  the  software  assembly.  If  Mode  1  is  desired,  a  key-in  must  be 
executed  from  the  console  after  the  assembly  has  been  loaded.  In  Mode  1, 
49  words  from  one  iteration  are  transferred  to  the  recorder  every  7  itera¬ 
tions,  resulting  in  an  increased  number  of  parameters  measured  at  the 
expense  of  sampling  rate. 

PROGRAMMER'S  CONSOLE  TO  PROCESSOR  BUFFERING 


The  CDC  469  processor  utilizes  C-M0S  drivers  for  its  data  and  control 
signals,  so  provisions  are  necessary  for  operation  in  the  console  con¬ 
trolled  mode  with  the  long  cables  inherent  with  flight  line  conditions. 


i. 

i. 

I. 
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Each  cable  connection  from  the  processor  to  the  programmer's  console,  and 
vice  versa,  includes  a  line  driver/receiver  pair,  with  one  half  of  the 
pair  resident  in  the  CIU  and  the  other  in  the  Console  Interface  Unit, 
which  is  mounted  in  the  console  cabinet.  Provision  is  made  to  deactivate 
the  receivers  in  the  CIU  during  normal  operation  so  that  the  undriven 
inputs  will  not  interfere  with  proper  operation. 
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